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ABSTRACT
A rapid, no n -des truc tive  method fo r  determination of wood moisture 
content could be of major technological and economic b en e fi t  to  the 
wood industry. C urrently  employed methods, however, su f fe r  from th ick ­
ness, density , l im ite d - ra n g e ,  or o ther  r e s t r i c t i o n s .  Previous in v e s t i ­
gation of nuclear techniques have revealed s im ila r  defic iences .
Theore tica lly , however, measurement of the thermal-neutron capture- 
gamma radiations from hydrogen and carbon in a wood specimen leads to  a 
l in e a r  equation fo r  m oisture content th a t  i s  f ree  o f volume, density , 
and moisture-range e f f e c t s .
A d irec t  experimental t e s t  of th i s  o rig ina l hypothesis was not 
possible  because o f  budgetary l im i ta t io n ,  and an a l te rn a t iv e  experimental 
arrangement was se le c te d  to  obtain design data fo r  a l a t e r  d i re c t  t e s t .  
The a l te rn a t iv e  arrangemant, e s tab lish ed  from prelim inary  s tu d ie s ,  in- 
voled a 2.8 microgram Californium-252 source c e n t ra l ly  placed in a rec­
tangu lar volume assembled from individual wood b locks, which was viewed 
with a Nal(Tl) d e te c to r  coupled with a 400-channel pu lse-heigh t analyzer, 
with d ire c t  source gammas sheilded by 4 inches o f lead . Arrangement of 
the blocks allow f o r  changing the wood volume without changing the 
source-detector d is ta n c e .  Net peak areas fo r  the 2.23-MeV capture- 
gamma from hydrogen and the  4.44-MeV i n e l a s t i c - s c a t t e r  gamma from carbon, 
provided the a n a ly tic a l  s ig n a ls .  Black willow (s a i l x  nigra  March), 
Sweetgum (Liquidambar s tg r a c i f lu a  L .) ,  and white Oak (Quercus alba 
L .) ,  with sp ec if ic  g r a v i t ie s  o f 0 .44, 0 .56, and 0 .71 , respec tive ly , 
and volumes ranging from 90 to  1500 cubic inches were the t e s t  specimens.
x i i
Their moisture contents were varied from 0 percent to  near sa tu ra ted  
condition. All these  specimens were measured with a 3 x 3 - inch 
detector fo r  4-minute l iv e -tim e  counts. In add ition , lim ited  comparison 
measurements with a 4 x 4-inch de tec to r  were made, as were long-count 
( >3 hours) measurements to improve counting s t a t i s t i c s  fo r  the carbon 
gamma.
A m ultip le  reg ress ion  analysis  fo r  the counting data gave a good 
f i t  fo r  the general equation:
log(count ra te )  = a + log(moisture content)+ b^log(volume)
O
fo r a l l  spec ies . For the hydrogen da ta ,  the minimum R was 0.83,
o
but fo r  the 4-minute carbon data the maximum R was 0.44 because of the 
problem of reso lv ing  a small signal from a large background.
The general descr ip tio n  fo r  both the hydrogen and carbon counts , 
and a lso  fo r  the  count r a t io  ( I ) ,  i s  non-linear functional dependence 
on both specimen volume and moisture content. In ad d it io n ,  the e f f e c t  
of sp ec if ic  g ra v i ty ,  fo r  constant volume and moisture con ten t, i s  non­
l in ear  fo r  the  hydrogen and carbon counts, and also  for th e  count r a t i o .  
Both the hydrogen counts and I were increased by increasing  volume, 
sp ec if ic  g ra v i ty ,  and moisture content; the carbon counts were increased  
by increasing  volume and sp ec if ic  g rav ity  but were decreased by in ­
creasing moisture content. These general re su l ts  can be accounted 
for by a s im p li f ied  spherical-geometry model using two neutron energy 
groups ( i . e .  thermal and >4.43 MeV). Although the model f a i l s  fo r  
certa in  d e ta i le d  conclusions, i t  reduces to o rig ina l hypothesis when 
only thermal neutrons are  ava ilab le .
x i i i
The th ree  wood species were found by combustion ana lysis  and 
combined wet-dry ashing to  have an e s se n t ia l ly  constant molecular 
composition, represented approximately by C^H^Og.
Continued works should be d irec ted  to in v es tiga tio ns  with a
12 12source o f neutrons with energies below the C (n ,n ')  C* threshold  
and a lso  to  a source with e s s e n t ia l ly  a l l  neutrons i n i t i a l l y  above the 
th resho ld . Both experimental s tud ies  would ben efi t  g rea t ly  from a 




The m oisture content o f  wood is  one o f  the  most important fac to rs  
which a f f e c t  both the physical and mechanical properties o f  wood, par­
t i c u l a r l y  in the hydroscopic range. Knowing and con tro lling  the  mois­
tu re  conten t o f wood are key f a c to r s ,  e i th e r  economically o r  te c h n ic a l ­
ly ,  which can lead to a more e f f i c i e n t  and e f fe c t iv e  means o f  wood 
t r a n s p o r ta t io n ,  u t i l i z a t i o n ,  and processing. A method fo r  determ ination 
o f  th e  moisture content o f wood which i s  based only on the green w eight, 
and which i s  simple, f a s t ,  a ccu ra te ,  and non-destructive  could be of 
g re a t  b e n e f i t  to the wood industry . However, from an extensive review 
of th e  methods cu rren tly  in use fo r  determining the moisture con ten t of 
the  wood, none has been found th a t  meets a ll  o f  these basic c r i t e r i a .
The oven-dry method is  probably the most commonly u t i l i z e d  method 
by wood re sea rch e rs ,  as well as fo r  q u a l i ty  con tro l.  I t  i s  considered 
as the  sim plest and most accurate  method; however, th is  method is  very 
time consuming, because i t  u sua lly  takes 20-40 hours to dry a 100-gram 
wood sample, depending on the  i n i t i a l  moisture content and the  density  
o f  t h a t  sample (Kollman and C6t 6 1968).
The f a s t e s t  method employed today is  the use of an e l e c t r i c  mois­
tu re  meter. The are th ree  types o f e l e c t r i c  moisture meters on the 
market today. The re s is tan ce - ty p e  of moisture meter is  used to  measure 
the e l e c t r i c a l  res is tan ce  o f wood, which in turns ind ica tes  the  moisture 
con ten t of the  wood. This type of meter gives the reading between 
e le c tro d e  pins th a t  are driven in to  the  wood, and the m oisture content
2
so determined is  lim ited  to  the areas where the e lectrode  pins make 
co n ta c t .  Because o f  non-uniform m oisture d is t r ib u t io n  within a p iece  of 
wood, i t  is  impossible to determine the average moisture con ten t unless 
a g re a t  number o f readings are made a t  d i f f e re n t  locations and depths. 
Besides, th i s  type o f meter can only accura te ly  measure the m oisture  con­
t e n t  w ith in  the  range of 7 to  25% (tollman and Cote 1968). Other fac to rs  
s ch as temperature of the wood, contamination of the e le c tro d e  p in s ,  
and the  species o f  the wood can a lso  a f f e c t  the readings.
Since the  d ie l e c t r i c  constant changes in proportion to  the change of 
moisture content o f wood, the radio-frequency power-loss and the  capac- 
i t iv e -a d m it tan c e  types o f moisture meters are used to measure the  d ie ­
l e c t r i c  constants  o f wood. These types of meters generally  measure 
m oisture contents ranging from 0-25%*, but the readings are a f fa c te d  by 
the  d ens ity  and temperature of wood. Also, these methods measure the 
maximum moisture content o f  areas scanned ra th e r  than the average mois­
tu re  con ten t.
The microwave moisture m eter, which is  based on the p r in c ip le  th a t  
w ater molecules absord the incomimg waves, is  also  used to  determine the 
m oisture content of the wood ranging from 0% to above 100%. The readings 
are a f fe c te d  by the  d ens ity ,  the temperature (Lowery and Kotok 1967), 
and the  th ickness  (Walters 1972) of the wood.
* An excep tio n , fo r  example, i s  the Sentry moisture d e te c to r ,  s e r i e s  3500 
manufactured by Stetson-Ross, S e a t le ,  Washinton, which i s  designed to  
measure wet lumber with a moisture content ranging from 24-185%.
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There are many o ther  methods used to  determine the  m oisture content 
o f  wood, such a s ,  d i s t i l l a t i o n ,  Karl Fischer t i t r a t i o n ,  spin echo, 
nuc lear  magnetic resonance, e tc .  However, these methods are e i t h e r  de­
s t r u c t iv e ,  applicable  to  l im ited  volumes, or otherwise not app licab le  
to  the  wood in d u s try 's  need.
There was a time when a few researchers were in te r e s te d  in in v e s t-  
gating  the p o s s ib i l i ty  o f determination of the  moisture con ten t o f wood 
by using rad ia tio n  methods. Russian (Bersenev and Fokina 1958), German 
(Klemm 1959, Noach and Kleuters 1960), Japanese (Iizuka  and Sakamoto 1957, 
Onodera e t  a l . 1966), European (Kajanne and Hollming 1958, Gibson and 
Rusten 1964, Jokel 1965, Magnusson and Konradsson 1971), and a few 
American (Loos 1961, Folsom 1965, Weeks 1966, Richesson e t  l i -  1967) 
workers have reported using b e ta ,  gamma, and neutron rad ia t io n  to  d e te r ­
mine the  moisture content. But none of them seemed to  have found an 
encouraging r e s u l t  from nuc lear  techniques fo r  the development o f  a new 
instrum ent to  meet today 's  demand of wood in d u s t r ie s .  The reason fo r  
th i s  is  believed to  be th a t  none of the above methods can provide an 
independent method o f  measuring the  moisture content o f wood without in ­
volving the  problems o f the  conventional method, such as d e n s i ty ,  th ic k ­
ness, range o f moisture con ten t, e tc .
Previous attempts to  employ nuclear techniques fo r  wood moisture 
content determination have been based on e i th e r  ra d ia t io n  a t ten u a t io n  or 
s c a t te r in g  by e lec trons or nuclei within the specimen. An a l t e rn a t iv e  
p o s s ib i l i t y ,  which has not been inves tiga ted  p rev ious ly , i s  to  take 
advantage of gairnia rad ia tio n s  re su ltin g  from neutron bombardement of a
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specimen, and forms the  basis  f o r  the  research reported in th i s  
d i s s e r ta t io n .
Neutron in te ra c t io n s  with the elements in wood may lead to  the 
emission o f gamma rad ia tio n  in e i th e r  o f  two ways: (1) nu c lear  t r a n s ­
formations may occur which r e s u l t  in rad ioactive  products t h a t  decay 
subsequently to  emit gamma ra d ia t io n ,  o r (2) nuclear e x c i ta t io n s  or 
transm utations may occur which r e s u l t  in prompt emission o f  gamma ra d i­
a tio n  from d e -ex c i ta t io n  processes. The l a t t e r  phenomenon — prompt- 
gamma emission — o ffe rs  the p o s s ib i l i ty  of immediate m oisture content 
determ ination.
The basic  hypothesis f o r  th i s  prompt-gamma moisture con ten t method 
i s  th a t  i r r a d ia t io n  of a specimen with pre-therm alized neutrons leads to  
unique-energy gamma rad ia tio n s  from both hydrogen and carbon, and th a t  
the r a t i o  o f  the in te n s i t i e s  o f these  rad ia tion s  w ill  be s e n s i t iv e  only 
to  moisture content.
A secondary in te n t  of th i s  research is  to in v e s tig a te  the  f e a s i b i l ­
i t y  o f  using Californium-252, an in tense  iso top ic  f is s io n -n e u tro n  e m it te r ,  
as the  source of neutrons. The i n i t i a l  plan was to  fa b r ic a te  a thermal- 
iz ing  assembly to  provide a d i r e c t  t e s t  of the basic  hypothesis . However, 
because of budgetary l im i ta t io n s ,  material fo r  the thermalizimg assembly 
could not be ob tained , and an a l te rn a t iv e  experimental approach was neces-
pep
s i t a t e d .  The a l te rn a t iv e  approach involved placing the  Cf source a t  
the  c en te r  of a wood specimen to  a c t  as i t s  own therm alize r .  This 
approach is  designated as the  "imbedded-source technique."
For the sake o f conciseness and c l a r i t y ,  the following d e f in i t io n s
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of  terms and special desc r ip tion s  are  presented:
1. Background:
The level of ra d ia t io n ,  from whatever source, above which a 
phenomenon must m anifest i t s e l f  to  be measured; sometimes re fe rred  
to  as "noise".
2. Barn:
The u n i t  fo r  expressing c ro ss -sec tio n  ( v . k )  values and is
-24 2defined as an e f fe c t iv e  t a r g e t  area o f 10 cm .
3. Capture-gamma rad ia tio n :
When an isotope captures a thermal neutron, the  nucleus
of the  new isotope i s  i n i t i a l l y  excited  to  a high-energy s t a t e ;
- 1 2upon de~excita tion , usually  w ithin  10 second following cap tu re , 
the gamma rad ia tio n  is  em itted. This gamma ra d ia t io n  i s  termed 
capture-gamma ra d ia t io n .  One o r more gammas may be emitted in  each 
d e -e x c i ta t io n .
4. Fast neutrons:
Neutrons th a t  have energ ies g rea te r  than some a r b i t r a r y  l im i t ;  
in  rea c to r  physics and engineering th is  l im i t  is  usua lly  taken to  
be about 0.1 MeV.
5. Geometry:
The sp a t ia l  con figu ra tio n , p a t te rn ,  arrangement, or re la t io n sh ip  
of one o r several components in an experimental se t-up  or operating 
model. For example, in re a c to r  technology the term "geometry" re fe rs  
to  the shape, s iz e ,  and loca tion  of fuel elements, moderator, and 
r e f l e c to r  with respec t to  each o ther .
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6 . I n e la s t i c - s c a t t e r  gamma ra d ia t io n :
In a type o f  nuclear reac tion  in which an in c id en t p a r t i c l e  
is  de flec ted  by a nucleus and the  to ta l  k in e t ic  energy o f  the 
system is  reduced. The reduction in k in e t ic  energy is  the r e s u l ts  
o f the process in  which some of the energy of the  in c id en t p a r t i c l e  
i s  absorbed by the  t a r g e t  nucleus, which in tu rn  goes to  a higher 
energy s t a te .  When th i s  higher energy s t a t e  nucleus re tu rn s  to  i t s  
ground s t a t e ,  the excess energy is  re leased  as gamma ra d ia t io n  which 
is  refered  to  i n e l a s t i c - s c a t t e r  gamma rad ia t io n .
7. Live time:
A rad ia tio n  counting assembly requires  a f i n i t e  time to  c le a r  
the pulse created by each rad ia tio n  p a r t i c l e .  During th i s  period , 
o ther  inc iden t ra d ia t io n  is  e i th e r  not detected  o r not d i f f e r e n t ia te d .  
The time in te rva l  during which an incoming pulse can be accepted 
fo r  processing is  termed the l ive - tim e  of the counter.
8 . Macroscopic cross sec tion :
The product o f  the cross sec tion  m u ltip lied  by the number of 
atoms within 1 cm  ̂ of m a te r ia l .
9. Microscopic cross sec tion :
A d i r e c t  measure o f  the number o f times a given nuclear reaction  
w ill  occur when a p a r t i c u la r  nuclide i s  exposed to  a given number 
o f inc iden t p a r t i c l e s ;  hence a reac tion  p ro b a b i l i ty  constan t fo r  
the p a r t ic u la r  s e t  o f  conditions. Cross sec tio ns  a re  expressed 
as the e f fe c t iv e  t a rg e t  area presented by a s in g le  atomic nucleus 
of t a rg e t  m aterial and t h e i r  values are  given in  barns.
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Nuclear c ro ss -sec tio n  values fo r  a given nuc lide  vary with 
the p a r t ic u la r  reac tion  (cap ture , s c a t te r in g ,  e t c . )  and are  function 
of energy of the bombarding p a r t ic le s .
10. Moderator:
Material used to  slow down f a s t  neutrons. A moderator slows 
down neutrons p rim arily  by e l a s t i c  s c a t te r in g .  Nuclei whose mass 
i s  close to th a t  o f  the  neutron are  the most e f f e c t iv e  siowing-down 
agents, hence low atomic weight i s  one c r i t e r io n  fo r  a good moderator. 
Since neutrons loose t h e i r  energy by coming in to  c o n tac t  with moderator 
nu c le i ,  there  is  the danger th a t  they w ill be absorbed and thereby 
removed from the  cha in -reac ting  system. Hence a second c r i t e r io n  
fo r  a good moderator i s  th a t  i t  must have a low cross sec tio n  for 
neutron capture. Other c r i t e r i a  include low c o s t ,  reasonable dens ity ,  
and acceptable  s t a b i l i t y  under i r r a d ia t io n .  M ateria ls  th a t  have 
been used as moderator include l ig h t  and heavy w ater , g rap h ite ,  
beryllium , and c e r ta in  organic compounds.
11. Neutron f lux :
The in te n s i ty  of neutron rad ia tio n ,  i . e . ,  the  number o f  neutrons 
passing through a u n i t  area in un it  time. I t  i s  equal to  the product 
of neutron density  and the  average v e lo c ity ,  and has u n i t  of 
neutrons per cm  ̂ per second.
12. Thermal neutrons:
The neutrons with which have a k in e tic  energy o f  about 0.025 




The process by which f a s t  neutrons lose t h e i r  k in e t ic  energies 
and become thermal neutrons through e la s t i c  s c a t te r in g  with nuclei 
o f the surrounding medium.
14. Transport mean f ree  path:
The average d is tance  between two c o l l i s io n s  o f a neutron with 
i t s  surrounding n u c le i ,  which is  prim arily  a func tion  o f  the  density  
o f  the surrounding medium.
A complete l i s t  of symbols used throughout th i s  t e x t  are l i s t e d  in 
Appendix I .
REVIEW OF LITERATURE
The concept of radiom etric determination o f  the moisture content 
and the density  o f wood was generated probably in  the  middle 1950*s .
At the beginning, beta and gamma rad ia t io n s  were used to  determine both 
the density  and the moisture content of wood. However, the  r e s u l ts  were 
found to  be c o n f l ic t in g .
The Use of Beta Radiation
Bersenev and Fokina (1958) used ^ S r  and ^ R u  to  study the 
p e n e t ra b i l i ty  o f b e ta -rad ia t io n  through samples o f Scots p ine, spruce, 
b irch ,  oak, beech, and larch of 1, 2 , 3, 4 ,  and 8 mm th ic k .  They re ­
ported th a t  denser wood was le s s  penetrable  and the  p e n e t ra b i l i ty  de­
creased with increasing  thickness of the samples. They a lso  reported 
th a t  a decrease in the moisture content o f wood re su l te d  in an increase  
in the p e n e t ra b i l i ty  o f b e ta - ra d ia t io n .  They concluded th a t  b e ta - rad ia t io n  
was more useful than gamma-radiation in wood technology and suggested 
the  use of b e ta - rad ia t io n  in the  determination o f  the  f ib e r  s a tu ra t io n  
po in t ,  the moisture content of wood i f  the  th ickness and density  were 
known, or the density  of wood i f  the moisture content and the thickness 
of th a t  piece of wood were known.
Noack and Kleuters (1960) s tud ied  the  p o s s ib i l i ty  o f determining 
the  moisture content of th in  veneer during drying by using beta e m it te rs ,  
and concluded th a t  the moisture content could be found with acceptable  
accuracy. Gillwald (1960) reviewed some German and Russian papers and 
reported  th a t  absorption of b e ta - rad ia t io n  increased  s l ig h t ly  u n t i l  the
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f ib e r  sa tu ra t io n  poin t was reached, and then s trong ly  th e r e a f te r .  He 
suggested th a t  there  was a p o s s ib i l i ty  o f  co nstruc ting  rad ia tio n  meters 
to  measure the  whole range o f  moisture con ten t from oven-dry to  s a tu ra t io n .  
However, Gyorey (1964) s ta te d  th a t  because o f  the low p e n e t ra b i l i ty  of 
beta p a r t i c l e s ,  i t  seemed th a t  beta ra d ia t io n  would only be of i n t e r e s t  
in the measurement of very th in  sheets  o r  very low density  m a te r ia ls .
M.uzalevskij (1965) concluded from experimental work th a t  beta  rad ia t io n
3Sfrom a Cl source was unsuitab le  fo r  measuring the  moisture content of 
peeled veneer. He suggested th a t  beta  ra d ia t io n  should only be applied  
to  wood with f a i r l y  uniform thickness and d en s ity .
The Use o f Gamma Radiation
Iizuka and Sakamoto (1957) measured the  d i s t r ib u t io n  o f  mean moisture 
content in 22 th ick  (15 cm) discs cu t from th e  b u t t  o f  nine l iv in g  T odo-fir  
(Abies mayriana) t re e s  by passing gamma-rays through the long itud inal 
d ire c t io n  o f  f i b e r  ax is .  They p lo tted  the  curve of r e s u l ta n t  emergent 
gamma-rays in  counts per minute versus the  diameter o f the d isc s .  They 
a lso  p lo tte d  the  curve o f  moisture contents determined by oven-dry method 
of small t e s t  speciments ( 1 x 2 x 3  cm ) from th e  d isc s  versus diam eter. 
From the  two curves obtained, they found th a t  th e re  was a good c o rre la t io n  
of moisture content with the in te n s i ty  o f  the  rays fo r  86% of the to ta l  
measured samples. Poor c o rre la t io n  fo r  the  r e s t  of the samples was 
due to  the uneven thickness o f the d iscs  and the v a r ia t io n s  in the f ib e r  
o r ie n ta t io n  where there  were knots. Despite these  f in d in g s ,  they con­
cluded th a t  the  gamma rad ia tion  method could be used s a t i s f a c to r i l y  
to  measure the d is t r ib u t io n  of m oisture content w ith in  a th ic k  d isc  i f
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i t  was d i f f i c u l t  to  measure by the normal method.
Klemm (1959) used gamma ra d ia t io n  and a Geiger counter in measuring 
the moisture conditions o f a stand ing  t r e e ,  and reported th a t  the gamma 
rad ia tio n  method proved to  be highly  s u i ta b le  fo r measuring the moisture 
conditions fo r  th is  purpose.
Kajanne and Hollming (1958) s tu d ied  the p o s s ib i l i ty  o f  determining 
the moisture content by measuring the  Compton-gamma which was sca t te red  
by passing through wood chips. They concluded th a t  i f  the amount of 
dry wood was known, the moisture con ten t could be determined by th is  
technique with an e r ro r  well below 5 per  cen t. Parr ish  (1959) studied  
the re la t io n sh ip  between the moisture content and mass absorption 
c o e f f ic ie n t ,  and reported th a t  mass absorption  c o e f f ic ie n ts  decreased 
with increasing  moisture content. However, th is  decrease in the  mass 
absorption c o e f f ic ie n t  was less  pronounced fo r  h igh-density  species than 
fo r  low-density species with l ik e  changes in  moisture con ten t. There 
was very l i t t l e  change in the r e l a t i v e  in te n s i ty  of penetra ting  rad ia tio n s  
through wood of 0-30% moisture con ten t because of the small change in 
wood dens ity .  Above 30%, there  was a g re a te r  change in  the  r e la t iv e
in te n s i ty  fo r  denser wood than fo r  le ss  dense wood. Loos (1961)
210used Pb to  study the e ffe c ts  o f m oisture content and density  of wood 
on gamma-radiation absorption. He concluded th a t  i f  the  sp e c i f ic  g rav ity  
or the moisture content is  known, the  o th er  value could be determined 
no n -des truc tive ly , rap id ly , and accu ra te ly  by measuring the gamma 
rad ia tio n  a ttenu a tion  through a given th ickness .
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The Use of Neutron Radiation
Using commercially a v a i la b le  neutron so il-m o is tu re  and density  
equipment, James and Bryne (1963) did some preliminary s tu d ies  on the 
measurement of wood m oisture and density . They concluded th a t  th is  kind 
o f  instrument with proper m odifications could be used fo r  the determ ination 
o f the moisture content and density  o f so l id  wood. Based on c a lc u la t io n s ,  
Loos (1964) ind icated  th a t  the moderation of neutrons fo r  measuring 
the  hydrogen-water was not too promising because too la rg e  a sample 
would be required . Folsom (1965) evaluated the Viatec Hidrodensimeter 
Model HDli-2 fo r determining the moisture content of wood chips. This 
i s  a back-scattered  type of instrument which measures the number of 
neutrons slowed down a f t e r  c o ll id in g  with hydrogen atoms in water. The 
moisture content is  ind ica ted  by the number o f  neutrons slowed down in 
the  process. The source used was a radium-beryllium source which emits 
f a s t  neutrons. He concluded th a t  the percent moisture content of wood 
chips could be found by counting the  slow neutrons fo r  3 minutes and 
re fe r r in g  the to ta l  counts to  a c a l ib ra t io n  curve o r tab le .  This method 
of determination is  accepted by the paper m i l l s .  However, he suggested 
th a t  c a l ib ra t io n  was needed fo r  each individual setup because of d i f f e r e n t  
species mix, compaction, co n ta ine r ,  and geometry arrangement around the  
probe. Weeks (1966) reported  th a t  the same instrument with minor 
m odification could be used to  determine the moisture content of the 
chips by taking th ree  1-minute count of the chips on a truck  while 
the truck was ha lted  on the weighing sc a le s .  The percentage of so lid  
wood could be determined immediately by re fe r r in g  to  a c a l ib ra t io n  curve,
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with consequent savings in both time and labor.
Onodera e t  al_., (1966) described an arrangement fo r  assess ing  
the moisture content by use of a f a s t  neutron source o f  radium-beryllium. 
A p a ra ff in  block was used as a f a s t  neutron moderator and was kept as 
c lose  as poss ib le  to  the de tec to r  and the t e s t  wood sample. A BF  ̂
tube was used as a slow neutron d e te c to r .  They reported  th a t  " the  de­
te c ta b le  m oisture content in the wood o f 4-mm in th ick  and wood chips 
i s  7%, which is  obtained from the  experimental r e s u l ts  with regard to  the 
standard d ev ia tion  of the  counting r a te ."
The Use o f Neutron and Gamma Radiation
Crump (1964) reported  th a t  the  neutron-and gamma-combi nation  method
could be used to  determine the moisture content of wood, but the  cost
was high and i t  was very d i f f i c u l t ,  i f  not impossible, to  reproduce
the exact geometry. Indeed, Gibson and Rusten (1964) used an instrument
which was o r ig in a l ly  designed fo r  measuring the moisture content and
density  o f  so i l  to  measure the moisture content and dens ity  o f  wood
chips. The instrument consis ted  o f  a radium-beryllium source, a BFg
tube, and a G-M tube. The BF„ tube measures neutrons slowed down by
3
water in  the  ch ips , y ie ld in g  the moisture content of the  ch ips ; the 
G-M tube measures the back-sca ttered  gamma ra d ia t io n ,  giving the density  
o f  the  ch ips . By proper c a lc u la t io n ,  the  moisture con ten t o f  the chips 
could be determined in  a few minutes. The r e s u l ts  were found to  be less  
f lu c tu a t in g  than those determined by the  oven-dry method because la rg e r  
samples could be used. Richesson e t  a]_. (1967) used the same theory 
as Gibson and Rusten (1964) to  measure the moisture content and density
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of  th e  ch ips . With b e t t e r  instrum entation technique, i t  was poss ib le  
to  measure the moisture content and density  of the wood chips as they 
were being fed in to  the  d ig e s te rs .  This was found to be a c c u ra te ,  with 
an average e r ro r  of le ss  than 0.5%. The advanced information o. the  
m oisture con ten t of chips perm itted the  control o f  the r a t i o  o f  chemicals 
to  wood and the adjustment o f the  concentration of chemicals.
General Conclusions
From the  above review, i t  i s  apparent th a t  none of the  ra d ia t io n  
methods i s  capable of making independent measurements o f  wood m oisture 
con ten t w ithout necessary density  o r thickness co rre c t io n s .  This i s  
because of the natural of rad ia tio n  a ttenua tion  or moderation, which 
i s  a dependent on density  and dimensions of the sample being measured.
I f  a method fo r  m oisture-content determination could be developed 
to  avoid th e  in te rfe rences  by the density  and thickness o f  wood samples, 
then th e  goal o f  e s tab l ish in g  a method th a t  is  f a s t ,  s im ple , non­
d e s t ru c t iv e  and d i r e c t  could be acheived.
THERMAL NEUTRON MODEL
P rin c ip le s
Neutron in te ra c t io n s  are very complex, but fo r  the purposes o f  wood 
moisture content de term ination , they may be s im p lif ied  to  th ree  basic  
types o f in te r a c t io n ,  namely, e l a s t i c  s c a t t e r in g ,  i n e l a s t i c  s c a t t e r in g ,  
and absorp tion . Among th e se ,  only the e l a s t i c  s c a t t e r in g  reaction  has 
been s tud ied  previously fo r  the app lica tion  to wood moisture content 
de term inations.
The basic  c h a ra c te r i s t i c s  of these three  reac tio n s  are described 
below:
E la s t ic  s c a t te r in g .  — During e l a s t i c  s c a t t e r in g ,  a neutron with 
energy g re a te r  than 0.025 eV can c o ll id e  with i t s  surrounding nuclei 
and p a r t i a l l y  t r a n s fe r  i t s  k in e t ic  energies to  these  n u c le i .  The 
maximum amount of energy th a t  can be t ra n s fe r re d  depends on the  mass of 
a t a r g e t  nucleus: the  sm aller  the mass o f the  nuc leus , the g re a te r  the  
energy t h a t  can be t ra n s fe r re d  to  i t  from a neutron. For example, 
hydrogen, which is  the l i g h t e s t  element, can accept the g re a te s t  energy 
t r a n s f e r  upon c o l l i s io n .  E la s t ic  sc a t te r in g  i s  the  primary mechanism 
by which neutron lose k in e t ic  energy.
In e la s t ic  s c a t t e r in g . — In e la s t ic  s c a t t e r  is  only important to 
f a s t  neutrons. In the process of in e la s t i c  c o l l i s i o n s ,  a f a s t  neutron 
t r a n s fe r s  some of i t s  k in e t ic  energy to  another form o f  energy in d i r e c t ­
ly  through the c o ll id in g  nuclues. For example, in the  (n,ny) re a c t io n ,  
f a s t  neutrons may be considered as being tem porarily  absorbed by nuclei
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to  ra is e  the in te rn a l  energy o f the s tru ck  nucle i ( i . e . ,  the  nuclei a re  
a t  excited  s t a t e s ) .  Upon d e -e x c i ta t io n ,  th e  e x c i ted  nuclei re tu rn  to 
the  ground s t a t e  by re-em itting the  neutron a t  lower k in e t ic  energy than 
the inc iden t neutron and the remaining energy as gamma ra d ia t io n .
Absorption. — Fast neutrons a re  not l ik e ly  to  be absorbed perma­
nently  by nuclei because of the high k in e t ic  energ ies  o f th e  f a s t  neu­
tro n s .  Very low energy neutrons, however, can be permanently absorbed, 
with a consequent increase  in mass o f  the  absorbing nucleus. I n i t i a l l y ,  
the  binding energy of the  neutron appears as e x c i ta t io n a l  energy in the  
new nucleus, but then is  emitted as gamma ra d ia t io n  when the  nucleus 
de -excites  to  the ground s ta te  (Gardner and Ely 1967).
The new nucleus, which w ill  have a mass number one g re a te r  than the 
o r ig ina l nucleus, may be s tab le  o r rad io a c t iv e  a f t e r  prompt d e -e x c i ta -  
t io n .  Any gamma rad ia tion  subsequently em itted  during rad ioac tive  decay 
o f  the product nucleus can be considered as delayed ra d ia t io n .
While the (n ,y) reaction i s  g e n e ra l ly  expected fo r  slow and thermal 
neu trons , in a few special instances the  (n ,a )  reac tion  w ill  occur; th i s  
i s  dominant f o r  ®Li and ^ B ,  fo r  example.
Gamma rad ia tio n  resu lting  from the (n ,y) reac tio n  i s  genera lly  c a l l ­
ed "capture-gamma rad ia tion" . Because th ese  ra d ia t io n s  have spec tra  
c h a r a c te r i s t i c  o f  a given ta rg e t  nuc leus, they may be employed fo r  q u a l i ­
t a t i v e  ana lysis  of the elements in a specimen. And, because the  in te n ­
s i t y  of a given rad ia tion  is  d i r e c t ly  proportional to  the  number o f atoms 
o f  an element in the specimen, the  (n ,y) reac tio n  a lso  may be employed
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fo r  q u a n ti ta t iv e  an a ly s is .
Mathematical Description
The q u a l i t a t iv e  and q u a n ti ta t iv e  a p p lica t io n s  o f  neutron-capture  
gamma rad ia tion  may be u t i l i z e d  to determine the  moisture content in 
wood. The j u s t i f i c a t i o n  and mathematical d e sc r ip t io n  fo r  th is  ap p lica ­
t io n  are developed below.
Wood is  an organic material consis ting  o f  hydrogen, carbon, and 
oxygen. For basic  th eo re tica l  i l l u s t r a t i o n  purpose, wood may be 
regarded as pure c e l lu lo se  (Cg^io^Vn and th e re fo re  would have a 
composition of 44% carbon, 6% hydrogen, and 50% oxygen, a l l  based on 
weight.
I f  a thermal-neutron source is  placed near a p iece  of wood, 
hydrogen nuclei w ithin  wood may capture the  incoming thermal neutrons 
and as a r e s u l t  emit capture-gamma rad ia tio n  with an energy o f  2.23 MeV.
Carbon-12 nuclei a lso  may capture the thermal neutrons and emit 4.95 MeV
and 3.86 MeV capture-gamma rad ia tions . For oxygen, the capture-gamma 
energies are 3.96 MeV, 4.15 MeV, 8.0^ M eV ,.. .e tc . The reaction  formulea 
fo r  hydrogen and carbon a re :
+ Jn ----------- ► |H + y (2.23 MeV)
l \ z  + Xn ----------- *■ + y (4.95 and 3.68 MeV)D O  D
For each 100 neutrons captured by hydrogen there  w ill  be 100 2.23-MeV
12garrmas em itted; fo r  100 neutrons captured by C th e re  w ill be 70 4.95-MeV
and 30 3.68-MeV gammas emitted (Groshev e t  a].. 1959).
By id en tify in g  the 2.23-MeV capture-gamma rad ia tio n  and measuring
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i t s  in te n s i ty ,  the amount of hydrogen w ithin  wood could be determined. 
Since the  moisture content of wood is  based on the amount o f  water within 
wood, and hydrogen i s  p a r t  o f water molecule, determining the amount of 
hydrogen within wood is  equvilen t to determining the  moisture content of 
wood. Whenever there  i s  a change of moisture content o f wood, there  is  
a change in the amount of hydrogen, and the r e s u l t in g  in te n s i ty  o f 
hydrogen capture-gamma rad ia tio n  also would change; the amount o f change 
should be d i re c t ly  p roportional to  the change of m oisture content of 
wood. Carbon within wood could be used as a refe rence  element fo r  the 
amount o f wood substance in a specimen because changes in moisture 
content would not change the amount of carbon w ith in  the  wood. The 
in te n s i ty  o f the capture-gamma rad ia tion  should remain constan t regard­
le s s  change o f wood moisture content.
I f  a 2-channel counting system were used, with the f i r s t  channel 
s e t  to  measure the 2.23-MeV hydrogen capture-gamma ra d ia t io n ,  and the 
second channel s e t  to  measure the 4.95-MeV carbon capture-gamma ra d i­
a t io n ,  the ra t io  of the  count-ra tes in each channel should be dependent 
upon the moisture content of the  wood specimen.
The counting r a te  o f capture-gamma rad ia tio n  fo r  a sp e c i f ic  
iso tope  i can be ca lcu la ted  by the s im p lif ied  formula:
Cyi = N1aa1*the1G1 * (1)
where N,. i s  the to ta l  number o f  atoms o f  iso tope  i ,  a ' ,  i s  the thermal-I CU
neutron capture cross sec tion  fo r  isotope i ,  ^  i s  the thermal-neutron 
f lu x ,  c.| i s  the  d e te c to r  e ff ic iency  fo r  a sp e c i f ic  energy o f  cap tu re- 
gamma rad ia tio n  em itted by isotope i ,  and is  the  geometry fac to rs  fo r
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isotope i .
The to ta l  number o f atoms N. of iso tope  i in a compound form can be 
ca lcu la ted  as
N1 ■ R W  . (2)
where W is  the weight o f the compound m a te r ia l ,  M is  the molecular 
weight o f the compound m a te r ia l ,  i s  the  formula f ra c t io n  o f  the 
element i ,  i s  the  percentage abundance o f  isotope i ,  and A is  the 
Avogadro's number. For a mixture of compounds, the to ta l  number of 
isotope i can be ca lcu la ted  as
Ni ■ < $ Fi j> pi A . <3>
J
where j  denotes the  compounds within the m ix ture , i . e , ,  denote compound
1, compound 2 , compound 3, ................e tc .
Thus the counting r a te  fo r  a sp e c i f ic  iso tope  i w ithin a compound 
can be c a lcu la ted  by su b s t i tu t in g  equation (2) in to  equation (1 ) ,  i . e . ,
C . = w F4P.A a 1 •<j>4.uEjG. (4)yi M i  i a i yth i i » v 7
and the counting r a te  fo r  a sp e c i f ic  iso tope  i w ithin a mixture can be 
ca lcu la ted  by s u b s t i tu t in g  equation (3) in to  equation (1 ) ,  i . e . ,
wiC • = F* .)P*A o' ' i i u E 'S '  . (5)yi v M7 ' i j ' r i n ua i vth i i * 1 7
J
I f  one cubic centim eter of oven-dry wood (considered as composed of 
pure c e l lu lo s e ,  (CgH^QOg) is  irrad ,,a ted  Wlt^ thermal neu trons , the 
re su l t in g  counting r a te  fo r  hydrogen w ill  be
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Wo
CyH = M7 FPPMA °aH^theHGH , (6)
and the counting ra te  fo r  carbon w ill be 
W
CyC = FT FCPCA a aC*theCGC * (7)
where WQ is  the weigth o f  oven-dry wood, MQ i s  the m olecular weight of 
oven-dry wood, H re fe rs  to  1H, and C re fe rs  to  12C.
The r a t io  of the hydrogen and carbon capture-gamma counts ra te s  is
Wo
, CyH1 fC  FHPHA °aH*theHGH (8)
'o® R-------------------------------------- *
YC ?T FCPCA °aC^theCGC
W
in which jjp, A, and ^  are  the same fo r  both carbon and hydrogen. The
0
two geometry constants and Gc can be made id e n t ic a l  i f  the  two gamma 
rad ia tio n s  are measured simultaneously by a s in g le  en e rg y -sen s i t iv e  de­
t e c to r .  Let
C u
! 0 = T?7 ’yC
equation (8) there fo re  reduces to 
Wo
W~ FHPH °aHeH
1 = _2____________  (9)
0 W0 *
TT FCPC °aCeC 0
which may be s im plif ied  fu r th e r  by recognizing th a t  P^, Pq, and c^c
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are  physical constants which are independent o f  the experimental 











For oven-dry wood WQ w ill  be the weight per cubic cen tim eter, o r the  
oven-dry dens ity  pQ, and Mq w ill be the apparent molecular weight o f 
oven-dry wood. Both and F^ w ill  be e s tab lish ed  by the apparent 
m olecular weight a ls o ,  and may be designated as F^o and F ^ .  I f  these  




P °  F 
FT Co 0
= V h c t j t  • ( 1 1 )
This equation s ta te s  th a t  the  r a t i o  of the count ra te s  fo r  th e  hydrogen 
and carbon capture-gamnas a t  oven-dry conditions is  d i r e c t ly  p roportiona l 
to  the  formula f ra c t io n s  o f  hydrogen and carbon in the  apparent m olecular
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formula f o r  oven-dry wood. I f  the molecular formula is  e s s e n t ia l ly  
constant fo r  a l l  woods, then the oven-dry count-ra te  r a t io  w ill  be inde­
pendent o f wood species o r  oven-dry density .
I f  m oisture  i s  absorbed by the oven-dried wood, then the counting 
r a te  o f hydrogen capture-gamma rad ia tio n  can be ca lcu la ted  by using 
equation (5 ):
CyH = ^  FH1 + FH2^PHA °aH <,)th eHGH , ^
where Wj i s  the  weight of oven-dry wood, W2 is  the weight o f w ater 
absorbed by the  oven-dried wood, is  the  molecular weight o f wood, M2 
i s  the  m olecular weight o f  w ater, F^j i s  the formula f rac t io n  o f hydro­
gen o f  wood, and F^2 is  the formula f ra c t io n  o f hydrogen of w ater.
But from the  preceding development
wi  ■ p . 9
M1 ■ Mo
9
FH1 = FHo 9
and defin ing  f o r  water
Wo = K- 2 W »
Mo = M.,2 W »
FH2 = FHw » 
then fo r  wet wood
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<CYH>w = FH + llfc W PHA ffaH*theHGH *
For the carbon capture-gamma ra d ia t io n ,  the  counting ra te  in wet wood 
is  the  same as in oven-dried wood since  th e re  i s  no additional carbon 
introduced; hence,
p .
^ Y ^ w  = ^FT FC0) PCA aaC*theCGC *
Thus the  r a t i o  of counting r a te  of carbon capture-gamma to  hydrogen 
capture-gamma rad ia tio n  fo r  wet wood will be
C n  ^FT FHo + TT FHw^PHA aaH*theHGH
( A  ■ ------------------------- — a ----------------------------------------------------------------------------- ■ < 1 5 >
Y ^M° FCo)PCA caC^theCGCo
By grouping constants  as f o r  equation (10), equation (15) becomes
A  p * i
^ F T  H o  ML. W
I = ---- 2— -
W p Q V hC , (16)
F T F Co
where
R u 
I = ( ■ TiL)Aw RyC w .
The moisture content o f wood can be defined as 
W
Q = - t f -  x 100 ,
o
in which W.. i s  the weight o f  water in a sample o f  wet wood, and W is  w o
the weight of the same wood sample a t  oven-dry condition . I f  the volume 




Q = - / - x l 0 0 ,  (17)
0
where■WU is  defined as the  weight o f water per cubic centim eter to  be w
consis tan t with equation (16). From equation (17)
p 0Q
Ww ■ - m -  •
which may be su b s t i tu te d  in to  equation (16) to  y ie ld :
p p Q
(1 T  FHo + 100M W
T -  o____________ W________  1/  i,
Aw P *HCKHC ,
—  F M Coo
and upon s im p lif ica tio n
( F H. +  FHw_  q )
1 H 100M,.
!w = FI V hC * ^Co
w ~o
But Fu , FUll, M , and M.. a re  a l l  constants th a t  may be combined:Ho Hw" o* W
a -  Fh°al ■ n  >0
F,n _ Co
2  "  "R 0
a _ Hwu. ”3 '  1001^ •
Then by su b s t i tu t io n
Xw = ^a« + ^a! KHCkHĈ Q .
I
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This equation has the general form of y = ax + b , hence Iw w ill  be 
l in e a r ly  re la te d  to the moisture content Q. The f i r s t  term in equation 
(19) i s  id e n t ic a l  to  equation (11), and by su b s t i tu t io n
I„  = I„ + KQ _ (20)
where
K= ^HCkHC , 
upon rearrangement equation (20) becomes
-  r 0 ■ -
or
Al = KQ . (21)
Therefore, a p lo t  o f Al as a function of moisture content w ill  be 
l in e a r ,  with a zero in te rc e p t  and a slope K. Since both K and I 
could be determined fo r  a given experimental system, simple e le c t ro n ic  
signal processing can solve the equation
Q = ]r Al , (22)
to provide an instrument which reads m oisture content d i r e c t ly .
The information needed fo r  the c a lcu la t io n  of the th e o re t ic a l
coun t-ra te  r a t i o  is  l i s t e d  below:
Wood Water
H C H £
Fi 10 6 2
(m illiba rn )  334 3.4 334
P1 0.9999 0.9889 0.9999
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Assuming as an example th a t  the oven-dry wood has a d en s ity  equal
3
to 0 .5  g/cm and i t s  molecular weight i s  162.14, the r a t i o  o f  counting 
r a te  o f  hydrogen- to  carbon-capture gamma rad ia tions  can be c a lcu la te d  
by using equation (11) fo r  wood a t  oven-dry condition ( I q) and using 
equation (18) f o r  wood a t  wet condition ( I ) .  The d iffe ren ce  o f  I andW 0
Iw can be c a lcu la te d  by using equation (22). The re s u l ts  o f  I Q, Iw, 
and Al are  l i s t e d  below:
S. 1°. I*  AL
0 165.5 165.5 0 .0
10 165.5 195.3 29.8
30 165.5 254.9 89.4
50 165.5 314.5 149.0
70 165.5 374.2 208.7
By examing th e  above values o f Al, i t  can be found th a t  f o r  each 1% 
increase  in the wood moisture co n ten t,  there  will be an in c re a se  of 2.98 
in the  value of A l, which i s  the slope o f  the l in e  p lo tte d  in Figure 1.
Because equation (22) is  based upon a coun t-ra te  r a t io  fo r  hydrogen 
and carbon capture-gamma ra d ia t io n ,  the  e f fe c t  of wood dens ity  on the  
determ ination o f wood m oisture content i s  elim inated. In p r in c ip le ,  
the  r a t i o  method a lso  w ill  e lim ina te  the  e f f e c t  of volume, except th a t  
small-volume measurements w ill  be le s s  p rec ise  than large-volume 
measurements. However, i t  should be emphasized th a t  th i s  th e o re t ic a l  
development i s  based on the assumption o f a uniform therm al-neutron  flux 
over a l l  po r t ion s  of a wood specimen, which in p rac tice  may be d i f f i c u l t  
to  o b ta in . I t  i s  a lso  assumed th a t  the wood i s  c o n s i t i tu te d  o f  pure 
c e l lu lo se  which i s  not t ru e .  The presence of lign in  w ithin  wood would 
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Figure 1. Theoretical re la t io n sh ip  of r e la t iv e  ra t io  o f counting 
ra te  vs. moisture content of wood.
EXPERIMENTAL METHODS AND PROCEDURE 
Arrangement o f  Embedded Source Versus External Thermal-Neutron Source
The i n i t i a l  hypothesis was to  i r r a d ia t e  wood specimens with an ex­
te rn a l  therm al-neutron source. This kind of arrangement n e c e s s i ta te s  
the use o f  moderator to  therm alize f a s t  neutrons emitted from the  
Californium-252 source. Moderators used most often today a re  l i g h t  and 
heavy w ater , g ra p h i te ,  bery llium , and ce r ta in  hydrogen-contained m a te r i­
a ls  because these  m a te r ia ls  have very high e ff ic ien cy  fo r  moderation of 
neutrons bu t with very low absorption cross sec t io n s .  Light w a ter , 
hydrogenous m a te r ia ls ,  and g raph ite  were not acceptable because o f  the  
in te n t  to  measure hydrogen and carbon capture-gamma ra d ia t io n s .
Beryllium was not acceptable  too because of i t s  t o x ic i ty ,  which would be 
danger to  work w ith . Heavy water seemed to  be the s u i ta b le  moderator 
fo r  th i s  s tudy ; however, i t  was r a th e r  expensive. Graphite was con­
sidered  to  be the b e s t  compromise i n i t i a l l y  but could not be obtained 
too due to  the  budgetary l im i ta t io n s .
The a l t e r n a t iv e  arrangement o f  a fas t-n eu tro n  source placed a t  the 
c en te r  o f  a wood specimen was th e re fo re  adopted fo r  th i s  study. I t  i s  be­
cause wood substance and moisture in the wood are both r ich  in hydrogen, 
which is  very e f f e c t iv e  fo r  the moderation of f a s t  neutrons em itted  from 
the embedded source. Once the f a s t  neutrons were therm alized, they 
could be captured by the  surrounding hydrogen and carbon nucle i and 
capture-gamma rad ia tio n s  would be em itted . Moisture content o f the
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specimens could be determined by measuring the in te n s i t i e s  o f  these  
capture-gamma rad ia tio n s  following the same p r in c ip le  as the i n i t i a l  
hypo thes is , where an external thermal-neutron source was to  be used.
The embedded-source arrangement requires the  use o f  a la rg e r  volume 
o f  wood fo r  gamma rad ia tio n  measurements than fo r  the external thermal 
neutron-source procedure. This i s  because the wood specimen, besides 
generating  capture-gamma ra d ia t io n s ,  is  a lso  used as the f a s t  neutron 
moderator.
Development of Optimum Arrangement 
Before experiments of moisture content determination in wood could 
be e f f e c t iv e ly  conducted, a number o f  experiments to e s ta b l is h  an o p t i ­
mum counting arrangement were necessary . These are reported  in sequence 
in the following paragraphs.
Throughout th i s  work a 2 .8  microgram Californium-252 source was
used. All da ta  were corrected  fo r  source decay to  the i n i t i a l  source
252s tre n g th .  For convenience, a descr ip tion  of the  p roperties  o f  t u t Cf i s  
included in  Appendix I I .
Id e n t i f ic a t io n  of Capture-Gamma Radiations
Capture-gairma rad ia tio n s  both from hydrogen and from carbon were 
observed by a 3 x 3-inch Nal(Tl) c ry s ta l  as a d e tec to r  and a 400- 
channel p u lse -h e igh t ana lyzer , Model 401D, manufactured by Technical 
Measurement Corporation, New Haven, Connecticut.
Hydrogen capture-qamna r a d ia t io n . — A piece of honey!ocust 
( d e d l t s l a  tr ia c a n th o s  L.) wood o f  dimension 5% x 6 x 6-1nch and a 
g lass  tank of 10 x 6 x 6-inch f i l l e d  with water were used to  provide
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the hydrogen. A hole was d r i l l e d  in to  the cen te r  o f  the wood block,
252and the Cf source was in se r te d  in to  the hole during counting. When
252the water was counted, the Cf source was immersed in the water. The 
geometry arrangement o f  the  source with respec t to  the sample and the 
de tec to r  i s  shown in Figure 2.
With such a geometry arrangement, i t  did not m atter  whether wood 
o r water was used as a hydrogen source, the  2.23-MeV hydrogen capture- 
gamma peak could not be d is tingu ished  from the spectrum. Therefore, 
the geometry o f  the  sample and d e tec to r  was rearranged as shown in 
Figure 3.
With th i s  arrangement the 2.23-MeV hydrogen capture-gamma peak 
could be d is t in g u ish ed  without any d i f f i c u l ty  fo r  water; but not fo r  
wood a t  oven-dry condition (Figure 4).
Carbon capture-gamma ra d ia t io n . — I n i t i a l l y ,  the 4.95-MeV carbon 
capture-gamma ra d ia t io n  was not inves tig a ted  s p e c i f i c a l ly .  I t  was 
assumed th a t  an optimum arrangement o f sample, source , and detector 
fo r  the d e tec tion  o f hydrogen capture-gamma rad ia tio n  would also be the 
optimum arrangement fo r  the de tec tion  o f carbon capture-gamma rad ia tio n .  
Peak-In tegration  Method
252When the  specimens were subjected to  i r r a d ia t io n  by the  Cf 
source, the re s u l t in g  sp ec tra  were p rin ted  out as counts in a l ive -tim e  
measurement period . These p r in ts -o u ts  were c a re fu l ly  examined and 
then compared with a *^Co c a l ib ra t io n  spectrum to lo ca te  the  2.23-MeV 
hydrogen capture-gamma peak. The in te n s i ty  of the hydrogen capture- 








figu re  2. Geometry arrangement of sample, source, 







Figure 3. Geometry arrangement o f sample (w ater),
source, and d e te c to r  in a horizontal plane 




















Figure 4. Hydrogen capture-gamma rad ia tion  from water and 
from wood.
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la ted  by in te g ra t io n  of the to ta l  area under the  peak minus the  back­
ground. The formula used was
X = S - B > (23)
where
X = Net number o f counts under the peak.
S = Total sum o f  counts from channel to  Xg.
Counts a t  channel x, + Counts a t  channel x«
B = -------------------   L  x D<
D = Number o f  channels from x^ to  Xg.
The graphical i l l u s t r a t i o n  of equation (23) i s  presented in Figure 5.
A to ta l  of 30 channels, covering an energy range of 0.40 MeV, 
i . e . ,  2.03-2.43 MeV, were in teg ra ted  and the n e t  to ta l  counts ca lcu la ted  
were used to  rep resen t the in te n s i ty  o f  hydrogen capture-gamma ra d i ­
a t io n .  The ne t counts obtained fo r  the peak areas were d ivided by the 
counting time ( i . e . ,  l ive -tim e) to  obta in  s igna l in te n s i ty  in counts per 
minute.
Optimization of Detection Parameters
E ffec ts  o f so u rce - to -d e tec to r  d is ta n c e . — Measurements were made 
a t  so u rc e - to -d e te c to r  d istances from 9 to  45 inches. I t  was found th a t  
the 2.23-MeV capture-gamma rad ia tion  from hydrogen had the  h ighest ne t 
counts a t  a d is tance  of 9 inches (Table 1).
When the source and the  sample were brought neare r  to  the d e te c to r ,  
the n e t  counts a t  the 2.23-MeV hydrogen capture-gamma peak might have
i
increased , but the  reso lu tion  of the peak could no t improved. Figure 6 










Figure 5. Graphical i l l u s t r a t i o n  of Equation (23).
Table 1. Hydrogen capture-gamma in te n s i ty  a t  various 
de tec to r- to -sou rce  d istances
Detector-to-source distance (inches) 
Specimen 35 SB 27 IS  9 3%
............................. (Counts/Minute)..........................  .
Water 2238 2730 3873 6948 14270
Wood a t
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Figure 6. Spectra o f  hydrogen capture-gamma rad ia tio n  from 
water a t  d i f f e r e n t  de tec to r- to -sou rce  d is tan ces .
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capture-gamma peak stayed almost the  same a t  d i f f e r e n t  d e te c to r - to -  
source d is tan ces ,  ranging from 9 to  45 inches. When wood a t  13% 
moisture content was i r r a d ia te d  a t  d i f f e re n t  d e tec to r- to -so u rce  d is ­
tan ces ,  the reso lu tio n  o f  the spectrum likew ise  was not improved 
(Figure 7). This phenomenon was thought to be due to the following 
conditions:
(a) The 2.23-MeV hydrogen capture-gairma peak might be masked by
too high a background count, caused by gamma rad ia tion
252emitted from Cf; hence the d e tec to r  must be sh ie lded .
(b) The arrangement of th e  source with respec t to  sample and de­
t e c to r  was no t optimum.
(c) The neutron f lux  was not high enough to  cause s u f f i c i e n t
capture reac tion  o f  the  hydrogen atoms within the  wood.
(d) The wood sample was too small to  y ie ld  a d e tec tab le  amount 
of 2.23-MeV hydrogen capture-gamma ra d ia t io n .
Therefore, fu r th e r  prelim inary  experiments were conducted to de­
termine the optimum conditions fo r  best reso lu tion  of the  capture-gamma 
peak spectrum.
E ffects  o f d e te c to r  s h ie ld in g . — The d e te c to r  was surrounded with 
boric  ac id , in a p l a s t i c  bag, and completely sh ie lded  with lead bricks 
except fo r  the f r o n t ,  which was facing the sample and the  source, as 
shown in Figure 8.
The boric  acid was used to  p ro tec t  the d e tec to r  from a c t iv a t io n  by 
thermal as well as f a s t  neutrons. The lead bricks were used to  sh ie ld  


















Figure 7. Spectra o f hydrogen capture-gamma rad ia tio n  from 
wood a t  various d e te c to r- to -so u rce  d is tan ces .
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Figure 8. Shield of d e tec to r .
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A piece of lead brick was placed in f ro n t  of the d e tec to r  to  sh ie ld  the
252gamma rad ia tio n  from the Cf. By th i s  method, the reso lu tio n  o f  the
2.23-MeV hydrogen capture-gamma rad ia tio n  was improved (Figure 9).
E ffec ts  of so u rc e - to -d e te c to r  geometry. — The source was placed
in various p o s it io n s  w ithin  the sample (water in a g lass  tank) with
resp ec t  to  the d e te c to r .  A piece of lead brick was placed between the
d e te c to r  and the  source in order to  reduce d i r e c t  de tec tion  of gamma
252ra d ia t io n  emitted by the  Cf source. The so u rc e - to -d e te c to r  arrange­
ments are  shown in Figures 10 and 11.
The r e s u l t s  of ne t counts under the hydrogen capture-gamma peak a t  
various p o s it io n s  are shown in Table 2. The Â  p o s i t io n ,  which was 9 
inches away from the d e te c to r  with the lead brick placed in between, 
had the  h ighest counts. However when the spec tra  were compared, the 
source a t  Ag position  showed b e t t e r  reso lu tion  (Figure 12).
The lead brick  was l a t e r  replaced with a 3/8 inch th ic k ,  4 x 4 -
252inch lead sh e e t ,  which was placed in such a way th a t  only the Cf 
source was shielded from d i r e c t  de tec tion  as shown in Figure 13.
The reason fo r  th is  a l t e r a t io n  was th a t  the  lead brick  blocked 
too much o f  the d e te c to r  and thus reduced the counting e ff ic ie n c y .  
Comparison of the  2.23-MeV energy spectrum showed th a t  the peak pro­
duced with the lead sheet was two times higher than the one produced 
with the  lead brick  (Figure 14).
E ffec ts  of neutron f lu x . — In an attempt to improve the  neutron
252flux  and to  block p a r t  of the  gamma rad ia tio n  emitted by Cf source, 
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Figure 9. Resulting spec tra  with and without sh ie ld  of d e te c to r .
Water tankLead brick
Source po sitionDetector
Boric acid  
sh ie ld
Figure 10. Arrangement o f  d e te c t io n  system with
regard  to  source p o s i t io n .
Water tankLead b rick
Source positionDetector
Boric acid  sh ie ld
Figure 11. Arrangement o f  d e te c t io n  system with
regard  to  source p o s i t io n .
Table 2. Hydrogen capture-gamma in te n s i ty  from water with 
a d e te c to r - to -w a te r  d istance  o f  9 inches
Source , 
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Figure 12. Spectra o f hydrogen capture-gamma rad ia tio n  from 





sh ie ld 3/8 in lead sheet
Figure 13. Source, lead sheet s h ie ld ,  sample, and 




















Figure 14. Resulting spectra  o f  hydrogen capture-gamma
rad ia tion  from water with shadow sh ie ld  o f lead 
brick vs. lead sh ee t .
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252 Cf source was placed a t  various geometry arrangements mentioned
e a r l i e r .  The ne t  counts in peaks were found to be much le ss  than those
252taken a t  corresponding positions when the Cf source was naked (Table 
2 ).
E ffects  o f  specimen s i z e . — Nine pieces of sweetgum (Liquidambar
s ty r a d f iu a  L.) wood were p iled  to g e th e r .  The volume of the p i l e  varied  
3 3from 1500 in to  110 in . This was done by removing the outermost laye r  
o f  the wood pieces gradually  from the p i le .  A to ta l  of s ix  d i f f e r e n t  
volumes and dimensions were formed. The external dimensions are shown 
in Appendix I I I  C.
The average moisture content o f the wood p i le  was subsequently re ­
duced from 130% to various le v e ls ;  i . e . ,  100%, 70%, 50%, 30%, respec­
t i v e l y ,  in an environmental chamber a t  100°F, and to 0% in a standard
drying oven. At each moisture content le v e l ,  the wood was i r r a d ia t e d  
252with the Cf source and the hydrogen capture-gamma rad ia tio n  was 
measured with the  400-channel analyzer ca lib ra ted  to cover an energy 
range from 0 to  3 MeV using only 200 channels. A counting time o f  4 
minutes l ive -tim e  was applied fo r  measuring the wood a t  each m oisture 
le v e l .
All the measurements were made a t  the optimum counting arrangements
as determined from previous p r i lim ina ry  experiments; i . e . ,  the  d is tance
252from sample to  d e tec to r  was 9 inches, the Cf source was in the 
p o s i t io n ,  o r  approximately 14 inches away from the d e te c to r ,  the  de­
t e c to r  was shie lded from a l l  d i re c t io n s  except the one facing the 
sample, and a 3 /8-inch lead sheet was used as shadow sh ie ld  to  reduce
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the de tec tion  of gamma rad ia tion  emitted from the 252Cf source.
Net counts a t  the 2.23-MeV hydrogen capture-gamna peak a t  each o f 
the  d i f f e r e n t  volumes and moisture contents are  summarized in Table 3.
Net counts o f  the hydrogen capture-gamma of wood a t  the same 
moisture content p lo t te d  againest volume of wood i r ra d ia te d  i s  shown in 
Figure 15, and the  ne t counts o f the wood a t  the same volume but d i f f e r ­
en t moisture content is  shown in Figure 16.
Examination o f  Table 3 and Figure 15 showed th a t  an increase  in the 
volume of wood i r r a d ia te d  was generally  accompanied by an increase  in
the in te n s i ty  o f hydroben capture-gamma rad ia tio n .  The g re a te s t  in -
3 3crease in counts was from 110 in to 600 in regardless of m oisture con-
3
te n t .  Beyond 600 in , the  ra te  of increase  in net counts was reduced.
3
Table 3 and Figure 16 show th a t  when only 110 in o f sweetgum wood
252a t  various m oisture  contents was i r r a d ia te d  by the Cf source, the in ­
crease in hydrogen capture-gamma counts was re la t iv e ly  small and was not 
con s is ten t .  This might be due to in s u f f ic ie n t  hydrogen atoms p resen t
in the wood, or in s u f f ic ie n t  water in s ide  the wood to therm alize the
252f a s t  neutrons em itted from the  Cf source, so th a t  cap tu re -reac tion
3
ra te  was low. Between 220 to  300 in , th ere  was almost a l in e a r  r e ­
la tionsh ip  between moisture content and the  ne t counts of the  hydrogen
3
capture-gamma ra d ia t io n .  Beyond 300 in , the re la tion sh ip  was para­
b o lic ,  probably because of a s a tu ra t io n -e f f e c t  of the cap tu re -re ac tio n .  , 
The reaction ra te  o f the thermal neutron to  hydrogen atoms reached i t s
maximum a t  t h i s  s ta g e ,  and the therm alization  of the  f a s t  neutrons from 
252Cf source by water became almost constant with fu r th e r  increase  in
Table 3. Hydrogen capture-gamma i n t e n s i t y  (3 x 3 -inch  d e te c to r )  from
sweetgum o f  a s so r te d  volumes a t  various  m ois tu re  comtents
Wood volume a t  
oven-dryness
Moisture content (%)
132 100 70 50 30 0
(cubic inches)
1500 7636 10618 9476 8152 5719 1621
1000 13179 11912- 9678 7084 5103 1572
600 12205 8651 8594 5586 3206 933
300 7568 5601 3911 2811 1360 569
220 5097 3606 2727 1589 1029 506
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Figure 15. Hydrogen capture-gamma in te n s i ty  vs. volume of 
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Figure 16. Hydrogen capture-gamma in te n s i ty  vs.m oisture content o f  
wood o f  sweetgum a t  each cubic volume te s te d .
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volume and moisture content.
Final Experimental Procedure 
Once the  optimum counting conditions were e s tab lish ed , i t  was 
possib le  to  undertake s p e c i f ic  in v es tig a t io n s  of the determination of 
wood-moisture con ten t by the  capture-gaima procedure. S p e c i f ic a l ly ,  
the e f f e c ts  of wood volume, sp e c ie s ,  and moisture content on the count­
ing y ie ld  o f  hydrogen capture-gamma rad ia t io n  and carbon i n e l a s t i c -  
s c a t t e r  gamma ra d ia t io n  (v_.J_.) were s tud ied .
Selection and Prepara tion  o f  Wood Specimens
Three species o f wood which would expect to have sp e c i f ic  g r a v i t ie s  
representing  heavy, moderate, and l ig h t  were se lec ted  based on th e  e x i s t ­
ing information and local a v a i l a b i l i t y .  They were white oak (Quercus 
alba  L .) ,  black willow (s a i ix  n igra  March), and sweetgum. White oak and 
black willow in the  board form were obtained in the green conditions 
from a local sawmill while sweetgum was in  the disc form cu t from a 
green log. Small rec tangu la r  blocks were prepared from these  m a te r ia ls  
fo r  the purpose of f in a l  arrangement in to  rec tangular counting s ta c k s .
The small blocks were employed to  f a c i l i t a t e  adjustment of m oisture con­
te n t  and to  allow f l e x i b i l i t y  in arrangement o f counting volumes.
Regulation o f  volume. — By using a l l  o r part  of the ind iv idual 
wood blocks of each sp e c ie s ,  the l in e a r  dimensions and volumes o f  the 
counting arrangements could be regu la ted . A to ta l  o f  seven d i f f e r e n t  
volumes were employed fo r  white oak and black willow and fou r volumes 
fo r  sweetgum. The d e ta i le d  stacking arrangements fo r  white oak , as an 
example, are i l l u s t r a t e d  schem atically  in Appendix I I I  A. The ex te rnal
I
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dimensions fo r  black willow and sweetgum are  shown in Appendix I I I  B 
and III  D» re s p e c t iv e ly .
Regulation of m oisture co n ten t . — All the specimen blocks, along 
with some matched p ieces o f  wood of each species to  be used as moisture- 
content and oven-dry weight e s t im a to r ,  were immersed in water as soon 
as the  blocks were cu t.  A vacuum o f  about 15 inches o f mercury was 
applied fo r  a period  of one hour, then a pressure  of 100 psi was ap p li­
ed fo r  another hour each day fo r  two consecutive weeks u n t i l  the 
weights of the wood specimens were almost constan t. The weight of each 
individual piece of wood specimen was then recorded. Because of the 
d if fe r in g  s iz e s  o f  the  specimens and the l im ita t io n  o f t im e, complete 
sa tu ra tio n  was not p o ss ib le  but the moisture content should have been 
close to  maximum.
The matched p ieces o f  wood were oven-dried. From t h e i r  moisture 
con ten ts , the c a lcu la te d  oven-dry weight, and thus the moisture content, 
of o ther  t e s t  specimens o f  the  same species used in i r r a d ia t io n  t r e a t ­
ment was determined.
Measurements o f  gamma rad ia tio n  from hydrogen and carbon com­
ponents of a l l  t e s t  specimens were made a t  near s a tu ra te d  condition.
The specimens were then d r ied  in a constant environmental chamber a t  
100° F. The m oisture contents o f each specimen a t  various conditions 
were ca lcu la ted  from the ca lcu la ted  oven-dry weight d a ta .  The various 
moisture contents  employed f o r  prompt gamma determ inations fo r  each of 
the species employed are l i s t e d  in Table 4.
When a l l  the specimens had reached oven-dry co n d it ion s , the aver-
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Table 4. Moisture contents employed fo r  prompt-gamma rad ia tion  
measurement
Species Moisture Content (%)
Black willow 0 15 30 45 65 95 120 160 180
White oak 0 15 25 45 60 70 80 100
Sweetgum 0 5 30 65 100
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age sp e c i f ic  g ra v i ty ,  based on oven-dry volume and the average moisture 
content a t  each s tag e , was then ca lcu la ted  f o r  each species .
As a rep ro d u c ib il i ty  check, the black willow and white oak specimens 
were rehydrated to previous moisture contents by success ive ly  adding 
ca lcu la ted  amounts o f w ater, with redeterm ination of prompt gamma y ie ld  
a t  each moisture content. The 180% leve l fo r  willow and 100% level fo r  
oak were no t reached in the rehydration procedure, but a l l  o ther  moisture 
contents were reproduced.
Measurement of Prompt-Gamma Radiation
The prompt-gamma rad ia tio n s  both from hydrogen and from carbon com­
ponents were measured a t  each level o f moisture content and each volume 
o f wood specimens.
The same multichannel analyzer, which was used in  the prelim inary 
experiment, was ca lib ra ted  to cover an energy range from 0 to  5.2 MeV 
fo r  400 channels. I n i t i a l l y ,  a l l  the wood specimens of each species
were assembled to  form the maximum volume fo r  prompt-gamma measurement
252of th a t  spec ies . The Cf source was placed approximately in the  cen ter 
of th a t  volume immediately behind the  shadow sh ie ld .  L a te r ,  the to ta l
volume was reduced by removing the  outermost layers  of each s tack . The
252Cf source and shadow sh ie ld  remained in the  same place while a s e r ie s  
o f  wood stacks o f  d i f f e r e n t  volumes were being measured.
The i n i t i a l  detector-to-wood d is tance  was 9 inches f o r  a l l  the 
species using a 3 x 3-inch Nal(Tl) d e te c to r ,  and 18 inches fo r  the 
black willow species using a 4 x 4-inch Nal(Tl) d e te c to r .  For the 
white oak and black willow sp ec ie s ,  because of the  reduction of the
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volume of the wood re su l t in g  from removal o f the  outermost layers of 
wood blocks, the d is tance  of the d e te c to r  to  wood increased gradually  as 
the volume of the  wood, which was being measured, decreased. However, 
fo r  each s e r ie s  o f  measurements the  d e te c to r- to -so u rce  d is tance  was 
constant. For sweetgum, because o f the  stacking  technique, reducing 
the  volume of wood did not change the detector-to-w ood d is tance .
The prompt-gamma rad ia tion  was measured f o r  a l ive -tim e  of 4 
minutes fo r  a l l  the species a t  various m oisture contents and volumes, 
and corrected by subs trac ting  an equ iva len t 4 minutes background. 
Additional measurements as long as 3-hour l iv e - tim e  were made fo r  black 
willow and sweetgum a t  low moisture con ten ts .
A two-pound bag o f  ac tiva ted  charcoal was a lso  measured fo r  a p e r i ­
od o f 3-hour l iv e - tim e  a t  the same geometry as the  wood specimens. The 
purpose was to  study the nature o f  the  spectrum o f  the  capture-gamma 
rad ia tio n  and poss ib le  ac t iv a tio n  rea c t io n s .  The to ta l  energy range 
covered by th is  measurement was from 0 to  10 MeV.
Elemental Analysis of Mood
A small piece of wood was separated from the  specimens of each 
species and ground to pass a 60-mesh sc reen , then oven-dried. Analysis 
was made fo r  hydrogen and carbon using a Coleman Hydrogen and Carbon 
analyzer. The weight o f oxygen was c a lcu la te d  by taking the d iffe rence  
o f  to ta l  weight o f  wood dust a t  oven-dryness and the  to ta l  weight o f 
hydrogen and carbon. The elemental a n a ly s is  procedure employed a lso  
included e x tra c t iv e  m a te r ia l ,  which was d isregarded in the  c a lc u la t io n .  
Ash content was a lso  ignored i n i t i a l l y  because o f the  small sample s iz e
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( le s s  than 15 m illigram s). Ash content subsequently was determined 
independently by a combination of wet- and dry-ashing procedures on 
la rg e r  samples.
RESULTS
The re s u l ts  o f  the measured in te n s i ty  o f hydrogen capture-gamma 
ra d ia t io n ,  the in te n s i ty  o f carbon i n e l a s t i c - s c a t t e r  gamma rad ia tion  
(v .i_ .) ,  the m ultip le  regression analysis  o f  both hydrogen- and carbon- 
gamma ra d ia t io n ,  the ca lcu la ted  ra t io s  of hydrogen-gamma rad ia tio n  to  
carbon-gamma ra d ia t io n ,  and the chemical composition o f  wood are 
tabu la ted  and presented in th is  chapter.
Hydrogen Capture-Gamma Radiation
The net peak area ( i . e . ,  measured in te n s i ty )  o f the 2.23-MeV 
hydrogen capture-gamma rad ia tion  was in teg ra led  through a to ta l  of 30 
channels, covering an energy of 0.40 MeV approximately, and was express­
ed in counts per minute.
Hydrogen capture-gamma rad ia tion  in te n s i t ie s  from each o f  the wood 
sp e c ie s ,  moisture co n ten ts ,  and wood volumes are presented in the Tables 
which follow. In Table 5 and 6, the counts shown are  the average of two 
measurements, and in Tables 7 and 8 , the counts shown are fo r  one 
measurement only.
Results of an analysis  of variance fo r  m ultip le  regress ion  of net 
peak in te g ra ls  as functions of moisture content and wood volume are 
summarized in Table 9.
Carbon In e la s t ic - S c a t te r  Gamma rad ia tion
The in te n s i ty  of 4.95-MeV carbon capture-gamma rad ia tio n  was so 
low th a t  the peak could not be id e n t i f ie d  from the 4-minute counts. A 
peak in the region of 4.44 MeV, which could j u s t  bare ly  be seen , was
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Table 5. Average hydrogen capture-gamma i n t e n s i t y  (3 x 3 -in ch  d e te c to r )  from white
oak o f  a s so r te d  volumes a t  various  m ois tu re  con ten ts
Wood volume a t  
oven-dryness
Moisture content (%)
100 80 70 60 45 25 15 0
(cubic inches)
1564 23259^ 22024 20460 18367 16411 11567 8980 5655
1314-7 24538 21057 19609 17697 14342 10174 7139 4653
1314^ 19676 18670 16773 15490 13105 8776 6671 4099
1067 19961 17757 15852 14120 11437 7509 5303 3081
688 17006 14730 13121 11477 8701 5442 4142 2170
384 10952 9583 9050 6527 5070 2869 2368 1364
2 3 8 ^ 8850 8275 6201 4596 3809 1897 1719 812
2 3 8 ^ — 4686 3806 3313 2381 1494 1295 666
90 1861 1832 1522 1307 862 605 450 315
—̂Volume reduced by removing the p iece(s )  o f specimens a t  the near s ide  o f  the 
d e te c to r  ( r e f e r  to  Appendix II  A).
—̂Volume reduced by removing the  p iece(s )  o f  specimens a t  the f a r  s ide  of the 
d e te c to r  ( r e f e r  to  Appendix II  A).
—̂All data  in th i s  column are based on a s in g le  measurement.
Table 6. Average hydrogen capture-gamma i n t e n s i t y  (3 x 3 -inch  d e te c to r )  from black
willow o f  a s so r te d  volumes a t  various  m oistu re  con ten ts
Wood volume a t  
oven-dryness
Moisture content (%)
180 160 120 95 65 30 15 0
(cubic inches)
1283 25966^ 22254 17220 12453 8133 3816 2614 1160
1059 22494 19561 16098 11197 6938 2950 2210 1282
00 o 22196 17876 13646 9025 5280 2042 1756 1114
00 o % 19878 15152 11499 7739 4784 1972 1427 1049
610 17699 12378 9274 5860 3244 1363 1132 875
3 4 8 ^ 11537 9292 5647 3746 2313 1059 981 664
34 8^ 9744 6126 4397 2734 1594 985 819 518
206 6582 3861 2247 1349 743 617 744 524
82 2052 1341 843 599 508 546 440 372
a/Volume reduced by removing the p iece(s)  o f specimen a t  the  near s ide  o f  the 
d e tec to r .
b/Volume reduced by removing the p iece(s)  o f  specimen a t  the  f a r  s ide  o f  the 
de tec to r .
c/All data in th is  column are based on a s in g le  measurement.
Table 7. Hydrogen capture-ganma i n t e n s i t y  (4 x 4 - in c h  d e te c to r )  from black willow
o f a s so r te d  volumes a t  various  m oistu re  con ten ts
Mood volume a t  
oven-dryness
M oisture con ten t
180 160 120 95 65 30 15 0
(cubic inches) . . (Counts/M inute) . . .
1283 22099 21022 16169 11475 7818 3532 2512 1443
1059 20180 18914 14644 8899 6220 3408 2153 1343
o00 19045 17995 12329 8440 4973 1954 1929 1073
8 0 8 ^ 15635 14934 9529 6900 3377 1937 1670 986
610 14007 13816 8704 4891 3065 1425 890 878
3 4 8 ^ 10285 8384 5523 3447 1679 1052 766 691
3 4 8 ^ 7286 6374 3848 2497 1397 883 676 432
206 4163 4225 2206 1053 864 498 387 329
82 1870 1348 801 753 440 529 421 270
—/ Volume reduced by removing the p iece(s) o f specimen a t  the near s ide  o f the 
d e te c to r .
—/ Volume reduced by removing th e  p iec e (s )  o f specimen a t  the  f a r  side  o f the  
d e te c to r .
Table 8. Hydrogen capture-gamma i n t e n s i t y  (3 x 3 -inch  d e te c to r )
from sweetgum o f  a s so r te d  volumes a t  various m oistu re
con ten ts
Mood volume a t  
oven-dryness
M oisture con ten t (%)
100 65 30 5 0
(cubic inches) (Counts/Minute) . .
1057 10449 8833 5386 2894 2283
830 9571 7447 4642 2702 1952
565 7482 5519 3198 1813 1445
280 3092 2014 1220 899 684
O l
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Table 9. M ultiple reg ress io n  ana ly sis  o f the dependence of 
hydrogen capture-gamma in te n s i ty  on wood volume 
and m oisture conten t
Species
Source o f  
v a ria tio n df
Sum o f 
squares
Mean
square F ra t io
White oak Regression 2 22.797 11.399 759.425
log Q 1 6.691 6.691
44
445.772
log V 1 16.106 16.106
**
1073.079
E rror 102 1.531 0.015
Total 104 24.238















log V 1 13.289 13.289
44
269.964
E rror 102 5.021 0.049
Total 104 30.170
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v a ria tio n df
Sum o f 
squares
Mean
square F r a t io













log V 1 13.289 13.289 158.089**
E rror 53 2.495 0.047
Total 55 17.036
Equation log C = 0.187 + 0.506 log Q + 0.919 log
R2 = 0.854
Sweetgum Regression 2 2.193 1.069 156.359
log Q 1 1.225 1.225 174.735
log V 1 0.968 0.968 137.983
E rror 17 0.119 0.007
Total 19 2.312
Equation log C = 0.292 + 0.332 log Q + 1.008 log V
R2 = 0.948
^M easurement was made with a 4 x 4-inch  d e te c to r .
** Highly s ig n i f ic a n t ,  P>0.01.
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i n i t i a l l y  regarded as the  f i r s t  escape peak o f 4.95 MeV ra d ia tio n . 
However, the unexpected behavior o f th is  peak lead to  the  suggestion 
(Courtney, Nuclear Science Center, Louisiana S ta te  U n iv e rs ity , Baton 
Rouge, 1974) th a t  i t s  most probable o rig in  was from 4.43-MeV carbon 
in e la s t i c - s c a t te r  gamma ra d ia tio n . This suggession was adopted, and 
th e  n e t peak area o f th e  4.43-Mev carbon in e la s t i c - s c a t te r  gamma ra d i­
a tio n  was in te g ra te d  through a to ta l o f 27 channels, covering an energy 
o f 0.35 MeV approxim ately, and was expressed in counts pe r m inute.
The measured carbon in e la s t i c - s c a t te r  gamma ra d ia tio n  w ith resp ec t 
to  changes o f m oisture con ten t and volume o f wood fo r  each species is  
p resen ted  in  Tables 10, 11, 12, and 13. Results o f m u ltip le  reg ression  
o f carbon in e la s t i c - s c a t te r  gamma on m oisture conten t and volume of ' 
wood are summarized in Table 14.
Ratio o f Hydrogen Capture-Gamma to  Carbon in e la s t ic -S c a t te r  Gamma
The r a t io  o f hydrogen capture-gamma rad ia tio n  to  carbon in e la s t i c -  
s c a t t e r  gamma ra d ia tio n  fo r  each sp e c ie s , based on 4-minute counts a t  
corresponding co n d itio n s , a re  presented in Tables 15, 16, 17, and 18. 
Table 19 contains the c a lcu la te d  ra t io s  o f hydrogen capture-gamma to  
carbon in e la s t i c - s c a t te r  gamma rad ia tio n  based on samples counted fo r  
3 hours o r more fo r  each cond ition .
S p e c ific  G ravity and Composition o f Mood
The sp e c if ic  g ra v i t ie s  based on oven-dry volume were determined as 
0 .7 1 , 0 .6 5 , and 0.45 fo r  w hite oak, black w illow , and sweetgum, respec­
t iv e ly .
Table 10. Average carbon i n e l a s t i c - s c a t t e r  gamma i n t e n s i t y  (3 x 3 -in ch  d e te c to r )
from w hite  oak o f  a s so r te d  volumes a t  various  m oistu re  con ten ts
Wood volume a t  
oven-dryness
M oisture con ten t (%)
100 80 70 60 45 25 15 0
(cubic inches) . (Counts/Minute)
1564 176^ 210 152 250 360 278 270 368
1314^ 269 170 174 249 211 310 206 266
1314^ 51 178 182 223 350 289 308 218
1067 83 191 130 263 233 211 219 272
688 151 198 232 178 289 293 232 214
384 90 267 141 150 283 259 237 246
238^ 113 202 228 257 256 194 246 238
2 3 8 ^ — 224 180 305 176 212 184 184
90 241 222 223 243 235 156 187 214
—̂Volume reduced by removinq the p iec e (s )  o f specimen a t  the near s id e  o f the  
d e te c to r  ( r e f e r  to  Appendix II  A).
—̂Volume reduced by removinq tne  p iec e (s )  of specimen a t  the  f a r  side  of the  
d e te c to r  ( r e f e r  to  Appendix II  A) .
—̂ All d a ta  in  t h i s  column a re  based on a s in g le  measurement.
f a b le  11. Average carbon i n e l a s t i c - s c a t t e r  gamma i n t e n s i t y  (3 x 3 -in ch  d e te c to r )
from b lack  willow o f  a s so r te d  volumes a t  various  m oisture  con ten ts
Wood volume a t  
oven-dryness
M oisture con ten t (%)
180 160 120 95 65 30 15 0
(cubic inches) . (Counts/Minute)
1283 1 4 3 ^ 226 207 223 280 268 220 272
1059 220 230 250 252 227 164 273 282
808^ 170 256 210 208 174 261 284 304
8 0 8 ^ 170 188 205 241 188 264 276 198
610 243 222 215 134 268 254 214 190
348^ 221 240 283 199 207 279 258 249
3 4 8 ^ 202 262 206 160 186 202 212 193
206 242 163 212 165 171 221 139 123
82 273 226 141 183 177 141 148 240
—̂Volume reduced by removing the  p iece (s )  o f specimen a t  the near side  of the  
d e te c to r .
—̂Volume.reduced by removing the p iece(s) o f specimen a t  the f a r  s id e  o f the  
d e te c to r .
—̂ All d a ta  in  t h i s  column a re  based on a s in g le  measurement.
Table 12. Carbon i n e l a s t i c - s c a t t e r  ganma i n t e n s i t y  (4 x 4-inch  d e te c to r )  from black
willow o f  a s so r te d  volumes a t  various  m oistu re  con ten ts
Wood volume a t  
oven-dryness
Moisture con ten t (%)
180 160 120 95 65 30 15 0
(cubic inches) . (Counts/Minute)
1283 186 142 311 102 158 239 283 325
1059 177 200 234 196 132 137 181 315
8 0 8 ^ 204 158 322 282 240 249 297 240
808^ 141 183 188 206 217 198 302 335
610 205 163 278 153 240 279 174 236
34 8 ^ 232 198 220. 175 259 274 256 208
348^ 161 161 197 189 196 214 158 238
206 185 124 182 123 247 207 132 231
82 151 135 183 128 177 229 164 167
—̂Volume reduced by removing the p iece (s )  o f specimen a t  the near side  o f the 
d e te c to r .
—̂Volume reduced by removing the p iece (s)  o f specimen a t  the f a r  s ide  o f the 
d e te c to r.
Table 13. Carbon i n e l a s t i c - s c a t t e r  gammma i n t e n s i t y  (3 x 3-inch
d e te c to r )  from sweetgum o f  a s so r te d  volumes a t  various
m oistu re  con ten ts
Wood volume a t  
oven-dryness
M oisture con ten t (%)
100 65 30 5 0
(cubic inches)
1057 316 388 379 367 286
830 239 240 293 315 282
565 187 249 185 385 381
280 223 206 162 308 211
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Table 14. M ultip le  reg ression  an a ly sis  of the  dependence of 
carbon in e la s t i c - s c a t te r  gamma in te n s i ty  on wood 
volume and m oisture content
Species
Source of 
v a ria tio n df
Sum o f 
squares
Mean
square F r a t io
White oak Regression 2 0.204 0.102
*
4.725
log Q 1 0.169 0.169
**
7.830
log V 1 0.035 0.035 1.621
E rro r 102 2.199 0.022
Total 104 2.403
Equation log C = 2.300 + 0.065 log Q + 0.044 log V
R2 == 0.085
Black Regression 2 0.191 0.095 6.517
willow
log Q 1 0.003 0.003 0.169
log V l  0.188 0.188 12.865**
E rro r 102 1.492 0.015
Total 104 1.863
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log V 1 0.068 0.068
**
6.181
E rror 53 0.570 0.011
Total 55 0.756
Equation log C = 2.156 - 0.065 log Q + 0.044 log
R2 «= 0.256
Sweetgum Regression 2 0.118 0.059
**
6.861
log Q 1 0.030 0.030 3.494
log V 1 0.088 0.088 10.228**
E rror 17 0.145 0.009
Total 19 0.265
Equation log C = 1.647 - 0.025 log Q + 0.304 log
R2 = 0.445
^M easurement was made w ith a 4 x 4-inch  d e te c to r .
* S ig n if ic a n t, 0 . 052tP>0.01.
** Highly s ig n i f ic a n t ,  P<0.01.
Table 15. Ratio o f hydrogen capture-gamma to  carbon i n e l a s t i c - s c a t t e r  gamma o f
w hite  oak (3 x 3 - 1nch d e te c to r )
Wood volume a t M oisture con ten t (%)
oven-dryness 100 80 70 60 45 25 15 0
(cubic inches) 
1564 132.15^104.88 134.60 73.47 45.59 41.61 33.26 15.37
1314^ 481.13 118.29 107.74 79.36 40.98 35.20 23.18 21.34
1314^ 73.14 109.82 96.04 62.22 62.11 28.32 32.38 15.41
1067 240.49 92.97 121.94 43.49 49.08 35.59 24.21 11.33
688 112.62 74.39 56.56 64.48 30.11 18.57 17.85 10.14
384 121.69 35.89 64.18 43.52 17.92 11.07 9.99 5.54
2 3 8 ^ 78.32 40.97 27.20 17.88 14.88 9.78 6.99 3.41
238^ — 20.92 21.14 10.86 13.52 7.05 7.03 3.62
90 7.72 8.25 2.91 3.55 3.67 3.88 2.41 1.47
—̂Volume reduced by removina the p iece (s)  o f specimen a t  the near s id e  of the  
d e te c to r  ( r e f e r  to  Appendix I I  A).
—̂Volume reduced by removing the p iece(s) o f specimen a t  the f a r  s ide  o f the 
d e te c to r .
—̂ All d a ta  in  t h i s  column are  based on a s in g le  measurement.
Table  16. Ratio  o f  hydrogen capture-gamma to  carbon i n e l a s t i c - s c a t t e r  gamma o f
b lack  willow (3 x 3 - in c h  d e te c to r )
Wood volume a t  
oven-dryness
M oisture con ten t (%)
180 l 60 120 95 65 3'0 16 0
(cubic inches) . . ( I )
1283 181.582/ 99.42 83.45 55.96 36.08 14.28 12.07 5.49
1059 102.25 85.35 66.96 44.52 31.22 12.09 9.51 6.25
oCO 130.56 69.83 64.98 43.49 30.34 7.82 6.18 3.66
8 0 8 ^ 116.93 80.60 56.09 32.11 25.45 7.47 5.17 5.30
610 72.84 56.83 43.32 48.20 12.93 5.97 6.12 4.95
3 4 8 ^ 52.20 38.72 19.95 18.82 11.17 3.80 3.80 2.67
348^/ 48.23 23.38 21.34 17.09 8.57 4.88 3.86 2.68
206 27.20 23.75 10.62 8.21 4.36 2.90 6.48 4.62
82 7.51 5.94 6.47 3.49 2.89 4.37 2.97 1.55
■^Volume reduced by removing the  p iece(s) o f specimen a t  the near s ide  o f th e  
d e te c to r .
—/ Volume reduced by removing the  p iece (s)  o f specimen a t  the  f a r  side  of the  
d e te c to r .
^ A l l  d a ta  in  t h i s  column a re  based on a s in g le  measurement.
Table 17. Ratio  o f  hydrogen capture-gamma to  carbon i n e l a s t i c - s c a t t e r  gamma o f
b lack  willow (4 x 4 -in ch  d e te c to r )
Wood volume a t  
onen-dryness
M oisture con ten t (%)
180 160 120 95 65 30 15 0
(cubic inches) • • • ( ! ) • • •
1283 118.81 148.04 51.89 112.50 49.48 14.78 8.87 4.44
1059 114.01 94.57 62.58 45.40 47.12 24.88 11.88 4.26
8 0 8 ^ 93.36 113.89 38.29 29.93 20.72 7.78 5.62 4.47
8 0 8 ^ 110.88 81.61 50.69 33.50 15.56 7.20 5.53 2.94
610 68.33 84.76 31.31 31.97 12.75 5.11 5.11 3.72
3 4 8 ^ 44.33 42.34 25.10 19.70 6.56 3.84 2.99 3.32
3 4 8 ^ 42.25 39.59 19.53 13.21 7.13 4.13 4.28 1.82
206 22.50 34.07 12.12 8.56 3.50 2.41 2.93 1.42
82 12.38 9.99 4.38 5.88 2.49 2.31 2.57 1.62
—̂Volume reduced by removing the  p iec e (s )  o f specimen a t  the near s id e  o f the  
d e te c to r .
Volume reduced by removing the p iec e (s )  o f specimen a t  the  f a r  side  o f  the 
d e te c to r .
Table 18. Ratio  o f  hydrogen capture-ganma to  carbon i n e l a s t i c -
s c a t t e r  gamma o f  sweetgum (3 x 3 -in ch  d e te c to r )
Wood volume a t  _________  M oisture conten t (%)_________
oven-dryness_______ 100_______ 65_______ 30 ______ 5________ 0
(cubic inches) ...................................... ( I )  .............................
1057 33.07 22.77 14.21 7.89 7.98
830 40.05 30.90 15.84 8.55 6.92
565 40.01 22.08 17.19 4.70 3.78
280 13.87 9.78 7.53 2.91 3.23
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Table 19. Ratio o f  hydrogen capture-gamma to  carbon 
in e la s t i c - s c a t te r  gamma based on 3-hour 
( liv e -tim e) o f counting
Wood volume a t  Moisture con ten t (%) 
Species oven-dryness 0 12 22
(cubic inches) . ( I )  •
White oak 1564 25.78 — - -
688 10.87 — —
Black 1284 6.36 12.37 18.83
willow
610 3.85 5.57 7.59
207 — 2.07 1.76
Sweetgum 1057 15.06 18.57 27.64
830 11.92 18.91 19.33
565 8.29 12.46 14.85
280 3.27 7.06 6.85
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The composition o f wood 1n terms o f hydrogen, carbon, and oxygen 
based on w eight f ra c tio n  as well as mole fra c tio n  is  shown in Table 20. 
The ash con ten t in  Table 20 was determined sep ara te ly  by using a combi­
na tion  of w et- and dry-ashing technique.
Table 20. Chemical com position , ash c o n te n t ,  and hydrogen to  carbon r a t i o  of wood
Species Weight fraction_C%) H to  C 
r a t io
Mole f ra c tio n  (%) _, H to  C 
r a t ioH C 0 ^ Ash H C 0 ^
White oak 5.55 48.48 45.97 0.08 0.12 44.36 32.53 23.10 0.12
6.08 48.77 45.15 0.08 0.12 48.62 30.32 21.06 0.12
6.01 48.83 45.16 0.10 0.12 46.38 31.67 21.95 0.12
(Avg.) 5.88 48.69 45.43 0.09 0.12 45.83 31.50 22.04 0.12
Black willow 6.46 47.62 45.92 1.21 0.13 48.38 29.96 21.66 0.13
6.10 46.77 47.13 0.94 0.13 46.94 30.18 22.89 0.13
6.30 48.50 45.20 1.22 0.13 47.78 30.58 21.64 0.13
(Avg.) 6.29 47.29 46.08 1.12 0.13 47.67 30.33 22.06 0.13
Sweetgum 6.41 46.95 46.64 0.51 0.14 48.22 29.64 22.14 0.14
6.43 48.80 44.77 0.53 0.13 48.19 30.66 21.15 0.13
6.25 48.33 45.42 0.50 0.13 47.47 30.78 21.75 0.13
(Avg.) 6.36 48.03 45.61 0.57 0.13 47.95 30.40 21.66 0.13
O ver-all avg. 6.18 48.12 45.71 0.57 0.13 47.14 30.86 22.02 0.13
—4iased on the d iffe ren c e  betw een, the to ta l  oven-dry weight o f  wood f lo u r  and 
the to ta l  weight of hydrogen and carbon.
DISCUSSION
Hydrogen Capture-Gamma R adiation
The measured in te n s i ty  o f hydrogen captured-gamma ra d ia tio n  
was found to  be s ig n if ic a n t ly  a ffe c te d  by both changes in  wood volume 
and m oisture conten t as shown in  Table 9. A d d itio n a lly , i t  was found 
to  be a ffec ted  by the  geom etrical arrangement o f the wood specimens and 
by the sp e c if ic  g rav ity  o f  wood.
The reg ression  equations fo r  each o f the wood species a re  re ­
presented in  Figures 17, 18, 19, and 20, in  which ca lcu la ted  peak 
in te g ra ls  a re  p lo tte d  as functions o f m oisture conten t and volume.
For more p rec ise  in te rp re ta t io n ,  these  three-dim ensional su rfaces have 
been p lo tte d  as fam ilie s  o f curves in  two-dimensions (peak in te g ra l 
vs. volume, and peak in te g ra l v s . m oisture c o n te n t) , and a re  included 
in  Appendix IV (Figure 30 to  39).
E ffects o f volume. —The number o f hydrogen atoms increased  d ire c tly
in  proportion to  the  in c rease  in  the  wood volume. Hence, when the wood
252is  subjected  to  i r r a d ia t io n  by the  Cf source, an in crease  in  the  wood 
volume leads to  a corresponding increase  in the  in te n s ity  o f the  hydrogen 
capture-gamma ra d ia tio n . This r e s u l ts  from both the increased  number of 
hydrogen atoms a v a ila b le  fo r  cap ture  reac tio n  and the  in c rease  in the 
to ta l  number o f hydrogen atoms fo r  therm aliza tion  of the f a s t  neutrons 
em itted by the  source.
The expected in c rease  in the  in te n s ity  o f the  hydrogen capture-gamma 
rad ia tio n  w ith in creas in g  volume a t  fixed  m oisture con ten t was observed
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log C = 0.508 + 0.410 log Q + 0.941 log V
IT = 0.937
i-24
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60
Volume o f Wood (in  )
Figure 17. In te n s ity  o f hydrogen capture-gamma as a function 
o f m oisture content and volume o f wood o f w hite 
oak.
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log C -  0.317 + 0.475 log Q + 0.870 log V 
R2 = 0.843
1283 1059 808 610 348 206 82 0
Volume o f Wood ( in 3)
Figure 18. In te n s ity  o f hydrogen capture-gamma (3 x 3-inch 
d e tec to r)  as a function  o f m oisture con ten t and 
volume o f wood of black willow.
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log C = 0.178 + 0.506 log Q + 0.919 log V 
R2 = 0.854
1283 1059 808 610 348 206 82 0
Volume o f Wood ( in 3)
Figure 19. In te n s ity  o f hydrogen capture gamma (4 x 4-1nch d e te c to r)  
as a function  o f m oisture content and volume o f  wood o f , 
black willow.
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Figure 20. In te n s ity  o f  hydrogen capture-gamma as a function  
o f  m oisture content and volume o f wood o f sweetgum.
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(See Tables 5 , 6 , 7, and 8 ) . Multi p ie -reg re ss io n  a n a ly s is  in d ic a te s , 
however, th a t  the  in te n s i ty  follow s a logarithm ic re la tio n s h ip  ra th e r  
than a sim ple l in e a r  re la tio n sh ip  w ith resp ec t to  wood volume. The 
non-11near behavior is  apparent from the graphic p re sen ta tio n s  in  
Figures 17, 18, 19, and 20 (th ree  dim ensional) and Figures 30 to  39 
(two d im ensional), which were drawn from the reg ress io n  equations in 
Table 9.
I t  was found th a t  the  e f fe c ts  o f wood volume on th e  in te n s i ty  of 
hydrogen capture-gamma ra d ia tio n  was g re a te r  fo r  the  wood w ith high 
m oisture con ten t than wood with low m oisture conten t ( i . e .  th e  slope 
o f th e  curve i s  g re a te r  fo r  wood w ith high m oisture con ten t than wood 
w ith low m oisture c o n te n t) . This behavior can be ra t io n a liz e d  on the 
b a s is  th a t  when wood i s  a t  high m oisture co n ten t, a s l ig h t  in c rease  in  
th e  wood volume means a la rge  increase  in  the to ta l  number o f  hydrogen 
atoms, which would lead  to  more e f f ic ie n t  therm aliza tion  and g re a te r  
cap tu re  p ro b a b ility . Hence, th e  combined e f fe c t  would be a g re a te r  
in c rease  in  th e  measured in te n s ity  o f hydrogen capture-gamma ra d ia tio n  
fo r  h igh-m oisture wood as compared to  dry wood.
E ffec ts  o f m oisture c o n te n t. —Again, as can be seen from Tables 
5 , 6 , 7 , and 8 , the  measured in te n s ity  o f hydrogen capture-gamma 
ra d ia tio n  increased  w ith increase  in  the wood m oisture co n ten t. From 
the  reg ress io n  equations (Table 9 ) ,  i t  is  apparent th a t  th i s  increase  
in  th e  measured in te n s i ty  o f hydrogen capture-gamma ra d ia tio n  i s  b est 
described  by a logarithm ic l in e a r  re la tio n sh ip  with wood m oisture con ten t. 
Graphical rep re se n ta tio n  o f the  reg ression  equations in  Figures 30 to
87
39 (two dim ensional) in  Appendix IV and Figures 17-20 ( th re e  dimen­
s io n a l)  c le a r ly  in d ic a te  n o n -lin ear behavior.
When th e  volume o f wood being ir ra d ia te d  was sm a ll, an in crease  
o f  wood m oisture content always re su lte d  in  a sm aller in c rease  in  the  
in te n s i ty  o f hydrogen capture-gamma ra d ia tio n  than when th e  volume o f 
the  wood was la rg e .
As b e fo re , th is  phenomenon can be ra t io n a liz e d  on th e  b asis  o f the  
to ta l  number o f hydrogen atoms a v a ila b le  fo r  th e rm a liza tio n  and cap tu re . 
When the  volume o f wood was sm all, increasing  th e  m oisture  con ten t by a 
few percen t means only a small increase  in  th e  to ta l  number o f hydrogen 
atoms; hence, the  e f f e c t  on therm aliza tion  and on hydrogen cap tu re- 
rea c tio n s  was not g re a t. On the co n tra ry , i f  th e  i n i t i a l  volume of 
wood was la rg e , a few percen t increase  in  the  m oisture con ten t meant 
a la rg e r  increase  in  the number of hydrogen atoms a v a i la b le , and the  
e f fe c ts  on th e  therm aliza tion  o f f a s t  neutrons and on the  hydrogen 
cap tu re  rea c tio n  would be g re a te r .
The n o n -lin ear behavior can be a t t r ib u te d  to  a combination of 
(a) a non-uniform therm al-neutron flux  d is t r ib u t io n  w ith in  the  specimen, 
and (b) the  se lf -a b so rp tio n  o f em itted gamma ra d ia tio n  w ith in  th e  wood 
volume. I t  i s  probable th a t  the  f i r s t  e f f e c t  w ill have th e  major 
in flu en ce , and the flux  w ill be depressed more a t  the  o u te r p o rtio n s o f 
a la rg e  volume than a t  a small volume as m oisture con ten t i s  increased .
E ffec ts  o f sp e c if ic  g ra v ity . —The e f f e c t  o f s p e c if ic  g rav ity  o f 
wood on the to ta l  measured in te n s ity  of hydrogen capture-gamma ra d ia tio n  
























S p ec ific  G ravity o f Wood
Figure 21. In te n s ity  o f hydrogen capture-gamma vs.. s p e c if ic  
g rav ity  o f wood a t  oven-dryness with d i f f e r e n t  
volumes.
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I n te n s i ty  o f  hydrogen capture-gamma rad ia tio n  is  s im ila r  to  th a t  o f  
m oisture  content o f  wood. (Figures o f moisture content versus in te n s i ty  
o f  hydrogen capture-gamma ra d ia t io n  a re  shown in Appendix IV ).
Because the elemental an a ly s is  o f wood substance i s  e s s e n t ia l ly  
independent o f  sp e c if ic  g ra v i ty ,  an increase  in s p e c i f ic  g ra v i ty  leads 
to  an increase  in the number o f  hydrogen atoms per u n i t  volume, as does 
an increase  in moisture con ten t. When the volume o f  wood is  sm all, 
an increase  in hydrogen density  leads to  only a small inc rease  in the 
t o t a l  number o f  a v a i la b le  hydrogen atoms; hence, the measured in ­
t e n s i t y  in hydrogen capture-gamma rad ia t io n  would not in c rease  sharp ly . 
However, i f  the i n i t i a l  wood volume is  la rg e ,  an increase  in  hydrogen 
d e n s i ty  means a large  increase  in  the to ta l  number o f  a v a i la b le  hydrogen 
atoms, and consequently a la rge  increase  in the in te n s i ty  o f  hydrogen 
capture-gamma ra d ia t io n .
As the  volume o f wood becomes la rg e r  and la rg e r ,  the  f lux  depression 
a t  the  o u te r  boundaries w ill  be more severe , and the  capture-gamma 
y i e ld  per u n i t  volume w ill  decrease correspondingly. The behavior fo r  
a h igh-dens ity  wood is  th e re fo re  s im ila r  to th a t  o f  a h igh-m oisture 
con ten t specimen. S e lf  absorption  of the emitted gamma ra d ia t io n  
would a lso  be g re a te r  fo r  a h igh-density  wood than fo r  a low-density  
wood, but the  e f f e c t  probably i s  minor when compared to  f lu x  depression .
I t  was apparent from the prelim inary experiments t h a t  the  measured 
i n te n s i ty  o f  the hydrogen-capture rad ia tio n  is  a complex function  o f 
th e  source-wood-detector geometry and the sh ie ld ing  arrangement. This 
f a c t  can be emphasized by comparing the e f fe c t  o f  specimen geometry a t
I
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constan t wood volume fo r  willow as an example. In Figure 22, th ree  
s i tu a t io n s  are  shown, one a t  an i n i t i a l  volume of 1,059 cubic inches 
and two a t  808 cubic inches, both of which were obtained by removing 
251 cubic inches from the o r ig in a l  volume. The source , d e te c to r ,  and 
sh ie ld  positions  are  id en tica l  in each case. From th i s  f ig u r e ,  i t  
i s  apparent th a t  removal o f wood from the d e te c to r  s id e  o f  the  specimen 
has le s s  of an e f f e c t  on the hydrogen-capture-gamma in te n s i ty  than 
removal o f  the wood from the  opposite  s ide  o f  the specimen. This behavior 
was generally  observed throughout the experimental data  c o l le c t io n .
(See Tables 5, 6 , and 7 fo r  d e ta i le d  da ta ) .
The reason fo r  th i s  behavior i s  believed to be the  e f f e c t  o f  the  
r e l a t iv e  po s it io n  of the wood specimen with respec t to  the  source, 
which would a f f e c t  the shape of the thermal-neutron f lu x  w ith in  the  
volume. The f a c t  th a t  d e te c to r -s id e  removal of wood only s l i g h t l y  
reduced the count r a te  suggests a small se l f -a b so rp t io n  in f luence .
On the o ther  hand, f a r - s id e  removal g rea t ly  reduced the  count r a t e ,  
which suggests f a s t -  and thermal-neutron leakage as a major in fluence  
on measured hydrogen-capture in te n s i ty .
E ffects  o f d e tec to r  s i z e . —Both a 3 x 3-inch (Table 6) and a 
4 x 4-inch (Table 7) Nal(Tl) d e tec to r  were used in  the  measuring o f 
prompt-gamma rad ia tio n s  from black willow. The 4 x 4 - inch d e te c to r  
was placed 18 inches from the source ra th e r  than the  9-inch  d is tance  
fo r  the 3 x 3 - inch d e te c to r .  This was because o f  the extremely high 
count ra te s  experienced (20% live -tim e) when the 4 x 4 -inch  d e te c to r  
was placed 9 inches away from the wood specimen. Despite the  doubled
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1.56 x 10 cpm
9 in .
Geometrical e f fe c ts  on the in te n s i ty  of hydrogen 
capture-gamma rad ia t io n  from black willow.
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detector-to-wood d is ta n c e ,  the 4 x 4-inch d e te c to r  s t i l l  reg is te red  
almost the same hydrogen capture-gamma count r a te  as the 3 x 3-inch 
de tec to r .  The s t a t i s t i c a l l y  determined c o e f f ic ie n t  o f determination 
(R2) o f hydrogen capture-gamma rad ia tio n  measured with the  4 x 4 - inch
de tec to r  as a function  o f  wood moisture content and volume was found
1% higher than when measured with the 3 x 3-inch d e tec to r .  This is  
an ind ica tion  th a t  the  hydrogen capture-gamma rad ia tio n  measured with a 
4 x 4-inch d e te c to r  varied  le s s  than th a t  measured with a 3 x 3-inch 
de tec to r .
The basic  p a t te rn  o f  the hydrogen capture-gamma rad ia tio n  as a 
function of wood volume and moisture content was the same fo r  both 
d e te c to rs ,  as can be seen from Figures 18 and 19.
S t a t i s t i c a l  c o n s id e ra tio n s . —Relative standard dev ia tion , defined 
as the s tandard  dev ia tion  divided by the estim ate  of the tru e  average 
value, can be estim ated from a s in g le  counting observation as
,  _  6(x) ,  i
re l  -  X “ TT “ 7 T  (24)
where 6 ,  i s  the r e l a t i v e  standard d ev ia tio n , 6(X) is  standard devi- re l
a t io n ,  and X i s  the s in g le  observed value.
Since the  s in g le  observed count depends on the to ta l  time the
sample was counted, the r e l a t iv e  standard dev ia tion  can be improved
by increasing  the counting time.
The r e l a t i v e  standard dev ia tion  o f the hydrogen capture-gamma
ra d ia t io n ,  based on 4-minute counts, increased gradually  from 0.003
fo r  black willow a t  maximum moisture content (180%) and a t  maximum 
volume (1283 in 3 ) to  0.03 a t  oven-dry condition and a t  minimum volume
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(82 in ); the o ther  species f e l l  within th is  range. I f  a counting 
s t a t i s t i c  o f  0.02 r e l a t iv e  standard .deviation is  chosen, then a minimum 
of 10 minutes o f  measurement would be required fo r  the species with low 
moisture content and small wood volume. I f  the accepted counting 
s t a t i s t i c s  could be relaxed  to  0.05 r e la t iv e  standard dev ia tion , 
then the counting time could be shortened to 1 minute fo r  a l l  the specimens 
regard less o f m oisture content and volume of wood. Considering present- 
day automatic processing l in e s ,  which often  move several hundred fe e t  
per minute, an o n - l in e  in s t a l l a t i o n  would not be p ra c t ic a l  because of 
the r e la t iv e ly  long measuring time required fo r  th i s  technique using 
a low -in tensity  Californium-252 source. A 2.8 microgram source was 
used throughout these  experiments to  reduce the hazard o f handling an 
unshielded source. With a 3-milligram source the counting time could 
be reduced to  le s s  than one second fo r  a 0.01 r e l a t iv e  standard 
dev ia tion , but a very la rge  sh ie ld  would be necessary to  make the 
source sa fe .
Carbon I n e la s t ic - S c a t te r  Gamma Radiation
The in te n s i ty  o f  carbon 4.95-MeV capture-gamma rad ia tio n  was so 
low th a t  the  peak could not be id e n t i f ie d  from the 4 minute spectra  
fo r  a l l  the  specimens counted regard less of spec ie s ,  moisture content, 
stacking method, and volume o f wood. As an a l t e r n a t iv e ,  the 4.44-MeV 
peak, which was bare ly  d e te c tab le ,  was assumed to  be the f i r s t  escape 
peak from 4.95-MeV carbon capture-gamma and was measured as the 
reference peak fo r  carbon capture-gamma rad ia t io n .  L ater , because of 
the strange behavior o f th i s  4.44-MeV energy peak with respec t to  the
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change of wood moisture content ( i . e . ,  decreasing In te n s i ty  with 
Increasing  1n wood m oisture c o n ten t,  which co n fl ic te d  with the hypothe­
s i s ) ,  the suggestion was made t h a t  t h i s  rad ia tio n  was more l ik e ly  to  be 
from the in e la s t i c  s c a t te r in g  o f  f a s t  neutrons by carbon. The carbon 
s c a t te r in g  c re ss -sec tio n  i s  approximately one hundred times g re a te r  
than i t s  thermal-neutron absorption  c ro s s -s e c t io n .  The f a s t  neutron 
reac tion  leads to  gamma rad ia tio n  by
12„ . 1_ . 12„*  . 1_ ,cC + n ----------- ► Cc + nb o  b o
16c*  h 1| c + Y ^4 ’43 MeV̂
12 *where gC i s  an excited  s t a t e .
The f a s t  neutron i n e l a s t i c  s c a t t e r in g  reac tion  with carbon re su l te d  
in the  re lease  of 4.43-MeV gamma ra d ia t io n ,  which could not be resolved 
from th e  4.44-MeV f i r s t  escape peak o f carbon capture-gamma ra d ia t io n ;  
th e re fo re ,  the measured in te n s i ty  o f  t h i s  peak was a c tu ra l ly  the to ta l  
o f  the  I n e l a s t i c - s c a t t e r  and the  cap ture  r a d ia t io n s .  However, because 
o f  the  extremely small absorption c ro s s - s e c t io n ,  which is  about one 
hundred times sm aller than the  i n e l a s t i c  s c a t te r in g  c ro ss-sec tio n  
(Figure 23), the con tr ibu tion  o f  the  rad ia tio n  from thermal neutron 
cap tu re-reac tio n  to  the measured to ta l  carbon gamma rad ia tio n  w ill  be 
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Figure 23. Cross sec tions  o f carbon and hydrogen (Stehn, e t  a l . ,  
1964).
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The change in in te n s i ty  of 4.43-MeV energy peak with respec t to  
the  changes in moisture content and wood volume is  shown in  Tables 10, 
11, 12, and 13. Analysis of variance and m u lt ip le -reg ress io n  analysis  
were made on these  experimentally observed d a ta ;  the  s t a t i s t i c a l  in ­
formation are  summarized in Table 14. The e f f e c ts  o f  moisture content 
and wood volume on the in te n s i ty  o f  carbon i n e l a s t i c - s c a t t e r  gamma 
ra d ia t io n  were found to  be in c o n s is te n t .  The m oisture content had a 
highly s ig n i f ic a n t  negative e f f e c t  on the  observed in te n s i ty  o f  4.43-MeV 
gamma ra d ia t io n  fo r  white oak and black willow (measured with the  4 x 
4-inch d e te c to r ) ,  but the  e f fe c t  was not s ig n i f ic a n t  on the  case of 
sweetgum and black willow (measured w ith a 3 x 3-inch d e te c to r ) .  
N evertheless, the  s t a t i s t i c a l l y  determined equations ind icated  th a t  
the  m oisture content had a negative e f f e c t  on the  in te n s i ty  o f  the 
measured 4.43-MeV gamma, with the s in g le  exception o f  black willow 
measured with a 3 x 3 - inch d e te c to r .  The e f f e c t  o f wood volume on 
the  in te n s i ty  o f the 4.43-MeV gamma ra d ia t io n  was found to  be highly 
s ig n i f ic a n t  fo r  black willow and sweetgum, but not fo r  white oak, 
although the s t a t i s t i c a l l y  determined equations in d ic a te  a p o s i t iv e  
e f f e c t  f o r  a l l  the  species stud ied . Although a p o s i t iv e  e f f e c t  o f  wood 
volume on carbon peak was found, the  c o e f f ic ie n ts  o f determination 
(R ) ,  as shown in Table 14, varied from 0.447 fo r  sweetgum to  0.085 fo r  
white oak, which is  an ind ica tion  t h a t  the  observed data were widely 
spread about the estimated true  mean. For minimum wood volume and 
moisture con ten t, the calcu la ted  gamma ra d ia t io n  from these  equations 
va rie s  from as low as 44 counts per minute fo r  sweetgum to  as high as
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200 counts per minute fo r  white oak, which i s  an in d ica t io n  th a t  the 
experimentally observed data  fo r  the carbon in e l a s t i c - s c a t t e r  gamma 
rad ia t io n  is  o f  very low r e l i a b i l i t y .  The low counting y ie ld  o f  carbon 
gamma rad ia tio n  implies a la rg e  expected e r ro r ,  p a r t i c u la r ly  because 
o f  a high background ra d ia t io n  lev e l .  For a s in g le  observa tion , the 
r e l a t iv e  standard devia tion  can be estimated from
in which S is  the gross sample count, and B is  the background count. 
When the background count is  ten times the net sample count X, as is  
typ ical fo r  these  experiments, then
For a ne t count o f 400 counts in  4 minutes, the estim ated r e l a t i v e  
standard dev ia tion  would be g rea te r  than ± 20%.
A low counting y ie ld  of carbon in e l a s t i c - s c a t t e r  gamma ra d ia t io n  
can be expected because of (1) a small f rac t io n  o f the i n i t i a l  f a s t  
neutrons with energies g re a te r  than 4.43 MeV, which i s  the  th resho ld  
fo r  carbon-12 e x c i ta t io n ;  and (2) a small i n t r i n s i c  d e te c t io n  e ff ic ie n c y  
fo r  4.43 MeV gamma rad ia tio n  in a sodium c ry s ta l .
This small y ie ld  w il l  be superimposed on a background o f  gamma 
rad ia tio n  being emitted d i r e c t ly  from the Californium-252 source , even 
though the source is  sh ie lded  with lead , and from scatter-gamma 
rad ia t io n  from concrete and o ther  m ateria ls  in the v ic in i ty .  The
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precision  with which the carbon I n e l a s t i c - s c a t t e r  gamma can be counted 
will th e re fo re  be q u i te  poor.
An add it ion a l  experimental d i f f i c u l ty  was se lec tio n  o f  the number 
of channels to  include fo r  ca lcu la t io n  of the ne t peak area  fo r  the
4.43-MeV carbon gammas. The net area fo r  the carbon peak was a ffec ted  
s ig n i f ic a n t ly  by the  choice o f the boundary channel numbers ( i . e .  
c h a n n e ls '^ "  and "X2" in Figure 5) because the counts which accumulate 
in each channel a re  independently random and are  a ffec ted  by the 
s t a b i l i t y  o f  the multichannel analyzer. The boundary channel se lec tio n  
was th e re fo re  made by examination of each individual spectrum to avoid 
e i th e r  unusually la rg e  o r small counts in  boundary channels which 
would s ig n i f ic a n t ly  a f f e c t  the net peak area.
Despite the above mentioned problems, the general trend  of the
4.43-MeV gamma ra d ia t io n  with respec t to  the change of wood volume 
and m oisture con ten t could be determined, based on the experimental 
observations and s t a t i s t i c a l l y  analyzed r e s u l t s .  The trend  i s  th a t  the 
in te n s i ty  o f  4.43-MeV carbon in e l a s t i c - s c a t t e r  gamma ra d ia t io n  increases 
with increas ing  volume o f wood being i r r a d ia te d ,  and decreases with 
increasing m oisture content o f the wood. The three-dimensional p lo t
of the reg ress ion  equations in Figure 24, and the two-dimensional graphs 
(Figures 38 and 39) in Appendix IV a re  examples to  i l l u s t r a t e  these  
trends. Again, th e  observed in te n s i t ie s  o f  the 4.43-MeV gamma rad ia tion  
with re sp ec t  to  th e  change o f wood volume and moisture con ten t a re  non­
l in e a r  r e la t io n s h ip s .
99





Volume of Wood (in^)
Figure 24. In te n s i ty  o f  carbon in e l a s t i c - s c a t t e r  gamma 
as a function o f moisture content and 












The chemical composition o f  wood as determined by combustion 
ana lysis  o f hydrogen, carbon, and oxygen was found to  be not s ig n i f ic a n t ly  
d i f f e r e n t  among the th ree  species s tud ied  (Table 20). An average ex­
perimental formula can be ca lcu la ted  as C-H.-O- fo r  a l l  the th ree
/ l i b
sp ec ie s ,  based on the mole f ra c t io n s  in Table 20. The higher carbon 
number in the experimental formula compared to  pure c e l lu lo se  
< W 5 )n i s  probably a r e f le c t io n  o f  the f a c t  th a t  l ig n in  is  present 
in the wood, since l ig n in  has a higher carbon content compared to  
pure c e l lu lo se .  I t  should be mentioned here th a t  although the  chemical 
composition of these th ree  species was found to  be b a s ic a l ly  the same, 
rea l species d ifferences may e x i s t .  Only th ree  samples o f each were 
analyzed and each sample was sm all;  hence, su b t le  species d iffe rences  
might have been undetected.
Ratio o f Hydrogen Capture-Gamma Radiation to  Carbon I n e la s t ic -S c a t te r  
Gamma Radiation
Ratios of hydrogen capture-gamma ra d ia t io n  to  carbon in e la s t i c -  
s c a t t e r  gamma rad ia tio n  fo r  each species are  presented in  Tables 15-18. 
Because o f the low r e l i a b i l i t y  o f  the  determined carbon in e l a s t i c -  
s c a t t e r  gamma ra d ia t io n ,  the values o f  I in Tables 15-18 a re  not 
s u f f ic ie n t ly  p recise  fo r  d e ta i le d  in te r p r e ta t io n .  However, a general 
trend th a t  the I value increases with increases in  wood volume and 
moisture content is  apparent. Table 19 i s  a summary o f  I values based 
on th ree  or more hours of l iv e - t im e  counting fo r  a l l  the species a t  low 
moisture content to  obtain  more r e l i a b l e  d a ta ,  and c le a r ly  i l l u s t r a t e s
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the  above s ta te d  trends.
The typ ica l spectrum fo r  a 3-hour count with wood is  shown in 
Figure 25. For comparison, a spectrum co llec ted  fo r  a 3-hour l iv e ­
time count o f a 2-pound charcoal (carbon) sample in  e s se n t ia l ly  
id e n t ic a l  geometry i s  a lso  included in Figure 25.
The change of I from species to  species and the dependence on 
wood volume a t  oven-dry condition a re  in disagreement with the 
o r ig in a l  hypothesized theory , which assumed ex te rna lly  thermalized 
neutrons. This disagreement may be a t t r ib u te d  to  the d ifference  
between the postu la ted  geometry and actual experimental geometry and 
to  the  d iffe rences  in the  postu la ted  and rea l neutron energy spec tra .  
Experimental A lte ra tion
According to  the o r ig in a l  hypothesis , the  wood specimens used fo r  
the  determ ination o f moisture content were to  be bombarded by a constan t 
thermal neutron f lu x ,  i . e .  an ex ternal thermal neutron source. In 
th i s  case , the expected capture-gamma rad ia tio n  would th e o re t ic a l ly  
be a ffec ted  only by the number of hydrogen and carbon atoms w ith in  the 
wood.
Since the arrangement to  pretherm alize the f a s t  neutrons could not 
be constructed  because o f the  d i f f i c u l ty  of obtaining a su i ta b le  f a s t -  
neutron moderator w ithin budget l im i ta t io n ,  the attempt o f using the 
wood i t s e l f  and the water w ithin  wood as the f a s t  neutron moderator was 
adopted. This a l t e r a t io n  complicated the problem of prompt ganma 
emission, because of therm aliza tion  of f a s t  neutrons, which should 
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Figure 25. Spectra o f sweetgum and charcoal with 
3-hour l iv e - tim e  count.
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i t s e l f .  The impact of the a l te rn a t io n  o f i n i t i a l  experimental design 
on the measured data was q u ite  obvious and is  discussed below:
1. The f i r s t ,  and probably the most im portant, impact o f 
the a l t e r a t io n  o f  the i n i t i a l  experimental arrangement made the  
constant thermal neutron flux  unobtainable , and s p e c i f ic  comparison 
o f hydrogen capture-gamma rad ia tio n  due so le ly  to  the  change o f  wood 
volume and moisture content was im practicab le .
With the  Californium-252 source placed w ith in  the wood, and with 
the  wood i t s e l f  and i t s  re ta ined  water as a f a s t  neutron moderator, 
the re s u l t in g  thermal neutron f lux  varied  with re sp ec t  to  changes in 
wood volume, wood moisture con ten t, and wood s p e c i f ic  g ra v i ty ,  as 
described e a r l i e r .
The p a tte rn  o f d is t r ib u t io n  of the  thermal neutrons due to  
changes in wood volume and wood m oisture content (and a lso  with wood 
sp e c i f ic  g rav ity )  can b es t  be i l l u s t r a t e d  from the  count r a t e  per u n it  
volume o f wood fo r  black willow as an example (Table 21). The two 
dimensional p lo t  of Table 21 is  shown in  Figure 26, from which i t  can 
be seen th a t  as the moisture content o f the  wood increased g radually , 
the  thermal neutrons tended to  be heavily  d is t r ib u te d  toward the 
source. This is  e s s e n t ia l ly  an in d ic a t io n  th a t  therm aliza tio n  e ff ic ien cy  
gets  b e t t e r  and b e t t e r  as the moisture content o f the  wood increases ;  
hence, f a s t  neutrons w ill  be thermalized near the  source a t  high moisture 
content.
As f a r  as the wood volume is  concerned, i t  can a lso  be seen 
from Figure 26 th a t  with an increase in volume o f wood, the  thermal
Table 21. S p e c if ic  counts o f  hydrogen captifre-ganma ra d ia t io n  o f  b lack  w illow
(3 x 3 -in c h  d e te c to r )
Wood volume a t  
oven-dryness
Moisture content (%)
180 160 120 95 65 30 15 0
(cubic inches) (Counts/Minute/Cm^) . .
1283 1 .2 4 ^ 1.06 0.82 0.59 0.34 0.18 0.12 0.06
1059 1.30 1.13 0.93 0.65 0.40 0.17 0.13 0.07
00 o 1.59 1.25 0.95 0.63 0.38 0.15 0.12 0.08
610 1.78 1.24 0.93 0.59 0.32 0.14 0.11 0.09
CO 1.87 1.35 0.88 0.57 0.40 0.18 0.16 0.10
206 1.96 1.15 0.67 0.40 0.22 0.18 0.22 0.16
82 1.54 1.00 0.63 0.45 0.38 0.41 0.33 0.28
—̂ All data in these  rows are base on the  average of a/  and b/  as denoted in 
Table 6.
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Fogure 26. S pec if ic  hydrogen capture-gamma vs.. volume
of wood o f  black willow with various moisture 
content.
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neutron flux  increases . The increase  is  no t,  however, a simple 
l in e a r  r e la t io n sh ip ,  as described e a r l i e r .
2. The second, and a lso  ra th e r  su rp r is in g ,  impact was th a t  the
measured 4.43-MeV gamma peak, instead  o f being from the f i r s t  escape
peak from the 4.95-MeV carbon capture-gamma ra d ia t io n ,  ac tu a l ly  re su l ted
from the f a s t  neutron 1gC(n , n*) 1gC* reac tion  predominantly. Rapid
therm alization  of f a s t  neutrons near the  source a t  high moisture
content would mean a rap id  decrease in the  abundance of f a s t  neutrons
capable o f  exc iting  the carbon (See Figure 27). Therefore, as moisture
content increases , the f a s t  neutron flux  would decrease sharply , and
12 12the re su l t in g  p ro b ab il i ty  fo r  the gC (n ,n ')  gC* reac tio n  r a te  would 
decrease sharply . Simultaneously, the therm al-neutron-capture r e ­
ac tion  ^ |c(n ,Y  )13C would become more probable, and the  4.44-MeV 
f i r s t  escape peak would increase  slowly. The net e f f e c t  would be 
a decrease in the 4.43-4.44-MeV peak because o f  the  minimal con tr ibu tion  
o f  the (n ,y  ) reac tio n  (c ro ss -se c tio n  0.003 b) a t  high moisture content.
3. The t h i r d ,  and almost a n e g lig ib le ,  impact was th a t  in order
to  thermalize the f a s t  neutrons e f f e c t iv e ly ,  a la rg e r  volume of specimens 
was used. This increases the  p o s s ib i l i ty  fo r  gamma-radiation s e l f ­
absorption. Although the  e f f e c t  o f  th i s  se lf -a b so rp t io n  is  r e la t iv e ly  
sm all, i t  might not be n e g l ig ib le  fo r  la rge  volumes a t  high moisture 
content. Self-absorp tion  fo r  the 2.23-MeV hydrogen rad ia tio n  would 













Figure 27. Logarithms of neutron flux  
as a function o f d istance  
from the source.
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Sim plified Model fo r  Explaining the General Behavior o f  Hydrogen 
Capture-Gamma Radiation and Carbon I n e la s t i c - S c a t t e r  Gamma Radiation
In order to  e s tab l ish  a model which can provide a r a t io n a le  fo r  
the general behavior of hydrogen capture-gamma as well as carbon 
i n e l a s t i c - s c a t t e r  gamma ra d ia t io n ,  severa l assumptions are  necessary. 
While these  may not exactly  reproduce the  conditions in th i s  study, 
they are made to  f a c i l i t a t e  the d e r iv a tio n  o f the model. The 
assumptions a re :
1. The volume i r ra d ia te d  and measured i s  spherical in shape, 
with a cen tra l  poin t fas t-neu tron  source.
2. The 4.43-MeV gamma rad ia tio n  i s  exclusive  from the 
1gC(n,n' ^gC* reac tion .
3. The thermal neutrons a re  i s o t r o p ic a l ly  d is t r ib u te d  w ith in  
the whole volume of wood.
4. The thermal neutrons a re  a tten u a ted  exclusively  fo r  
hydrogen capture  reac tion .
Based upon the above assumptions, approximate fas t-and  thermal- 
neutron f lux  d is t r ib u t io n  can be derived (see Appendix V ) . This 
leads to  expressions fo r  the hydrogen and the  carbon prompt gamma 
rad ia tio n  in counts as a function o f  wood volume, moisture con ten t, 
and wood density  which a re  given in equations 26 and 27 re sp ec t iv e ly .
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n
( I )  ( I I ) ( H I )
—>s~
(IV)
x (4 -  3po(a2q + b3)L) f (26)
- $ r K < ai << + bi )L) ,
Tnf ' fm) ”
(27)
where i s  the  f a s t  neutron source s t re n g th ,  q i s  the  f ra c t io n a l  
moisture con ten t, L i s  the  maximum radius of the  spherica l volume of 
specimen, f^  is  the f ra c t io n  of spectrum with energy g re a te r  than 
4.43 MeV, n i s  the average number o f c o l l i s io n s  required  to  therm alize 
a f a s t  neutron ( ca. constant fo r  monoenergetic n eu tro n s ) ,  and a.., b.. 
a re  co n s tan ts ,  with a2<a3 , and b2<b3 . The Roman numerals in the pa­
ren thes is  o f equations 26 and 27 a re  a rb i t r a r y  assigned to  rep resen t each 
o f  the corresponding terms underlined. The constan ts  a and b are 
derived from macroscopic sc a t te r in g  and absorption cross sec t io n s .
Term-by-term examination of equation 26 (the behavior o f  hydrogen 
capture-gamma as a function of wood volume, moisture con ten t,  and 
density  o f  wood) in d ica te s  th a t  as the wood volume being i r r a d ia te d  
increases ( i . e . ,  increasing  radius L) ,  the functions ( I I I ) ,  (IV), will 
increase  and (V) w ill  decrease; however, the increase  w ill  be much 
g re a te r  than the decrease , thus re s u l t in g  in a net no n -lin ear  increase  
in counts of hydrogen capture-gamma rad ia tio n .
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As the  moisture content within the wood increases ,  the functions 
( I I )  and (V) decrease , while ( I I I )  and (IV) increase; because the 
expected increase  i s  la rg e r  than the  accompanying decrease, the  hydro­
gen capture-gamma in te n s i ty  w ill be increased non-linearly  with in c re a s ­
ing m oisture content of wood.
As the  density  o f the wood in c re a se s ,  the functions ( I I I )  and 
(IV) in c re a se ,  while (V) decreases; again the increase will o f f s e t  the 
decrease , and thus r e s u l t s  in a to ta l  increase  in the measured in te n s i ty  
of hydrogen capture-gamma, and the increase  is  non-linear  too .
Examining equation 27 (the behavior o f  carbon i n e l a s t i c - s c a t t e r  
gamma rad ia tio n  in counts as a function of volume, moisture co n ten t,  
and dens ity  o f wood) in d ica te s  th a t  when the volume of wood being 
measured i s  increased , the function ( I I I )  has a net increase (under the  
assumption th a t  L wi11 never be la rge  enough to  thermalize a l l  the 
f a s t  neu trons , which i s  tru e  in th is  s tu dy ) .  When the moisture content 
of the wood i s  inc reased , the function ( I I I )  decreases, and the n e t  
counts observed is  decreased with increasing  wood moisture con ten t.
When the density  of the  wood is  inc reased , the function ( I I )  increases  
and ( I I I )  decreases; the  increase  tends to  o f f s e t  the decrease , and 
thus r e s u l t s  in a ne t  increase  in the counts o f  carbon gamma ra d ia t io n .  
Again the re su l t in g  e f f e c ts  o f volume, moisture con ten t, and den s ity  of 
wood on the in te n s i ty  of carbon gamma are not simple l in e a r  r e l a t i o n ­
sh ips .
By taking the r a t io  of and C ^ , the r a t io  I can be expressed:
I l l
Ip (a ,q  + b«) I° n j
£C 4ff ' a3q + V  (l -  + b j )L ]
[« -  3po(a2q + bg )L] (28j
a5po
Whenever there  1s an increase  in volume o f wood, moisture co n ten t,  and 
den s ity , some of the terms in the I model w ill decrease and some w ill  
in c rease , but the tendency always leads to  an increase th a t  w il l  o f f s e t  
the decrease , and thus r e s u l t  in a n e t  increase  in the r a t io  of hydro­
gen capture-gamma to  carbon i n e l a s t i c - s c a t t e r  gamma ra d ia t io n .
SUMMARY AND CONCLUSIONS
General Summary
An extensive review of non-destruc tive  methods fo r  determination 
of the moisture content of wood leads to  the conclusion th a t  a l l  
cu rren tly  ava ilab le  methods have d e f ic ie n c ie s  th a t  l im i t  t h e i r  usefu lness . 
In p a r t i c u la r ,  a number of methods req u ire  th a t  the sample be constant 
in thickness or th a t  a density  co rrec t io n  should be made, or both, 
fo r  d i r e c t  m oisture-content determ ination.
From a th eo re tic a l  considera tion  of the p o ten t ia l  thermal-neutron 
in te ra c t io n s  with carbon, as an in d ic a to r  of wood substance only, and 
with hydrogen, as an in d ic a to r  o f  water and wood substance to ge ther , 
i r r a d ia t io n  of a specimen with thermal neutron from an external source 
o f fe rs  the po ten tia l  fo r  determ ination o f moisture content independent 
o f  both sample volume and d en s i ty .  The a v a i l a b i l i t y  o f  Californium- 
252 as an in tense  iso top ic  neutron source suggested the  p o s s ib i l i ty  o f 
developing a m oisture-determ ination apparatus fo r  various manufacturing 
process-control ap p lica tion s .
Because budgetary l im ita t io n s  p roh ib ited  the  construction  of an
external neutron moderator assembly fo r  wood i r r a d i a t i o n ,  an a l te rn a t iv e
approach was undertaken. This a l t e r n a t iv e  approach involved an im-
252bedded-source technique ,in  which the  Cf source was placed in the 
cen ter  o f a wood specimen. I t  was believed th a t  th i s  experimental 




Both approaches a re  based upon the de tec tion  o f prompt gamma 
rad ia tio n  derived from neutron in te rac t io n s  with the  m atrix  elements 
o f  the specimen. The a n a ly tic  signal sought was the  r a t i o  o f  the  
hydrogen-derived count r a te  to the  carbon-derived count r a t e ,  defined 
as I .
The in te n s i t i e s  o f hydrogen capture-gamma and carbon in e l a s t i c -
?52s c a t t e r  gamma rad ia t io n s  were measured with a 2.8-microgram Cf source 
placed w ithin  the wood specimens, using a Nal(TI) d e te c to r  connected 
to  a 400-channel analyzer. The volume of the wood being measured ranged 
from 90 1n^ to  1500 in ^ ,  and the moisture content of the  wood specimens 
was varied from oven-dry to  almost sa tu ra ted  con d it io ns . Three species 
o f  wood, which rep resen t th ree  sp e c if ic  g rav ity  c a te g o r ie s ,  were 
se lec ted  fo r  study; these  were white oak, sweetgum, and black willow 
rep resen ting , re sp e c t iv e ly ,  high, in term ediate , and low sp e c i f ic  
g rav ity .
Both a 3 x 3-inch and a 4 x 4-inch c ry s ta l  were used during the 
study to  evaluate  d e te c to r  s ize  requirements. All gamma rad ia tio n  
measurements were made a t  the best geometrical arrangement, as de­
termined by prelim inary experiments fo r  th i s  study.
The chemical compositions o f  the wood in terms o f  hydrogen, 
carbon, and oxygen was determined by combustion a n a ly s is ,  and the ash 
content o f  wood was determined by a combination o f  wet- and dry-ashing 
technique.
The data  obtained fo r  the hydrogen was based upon the  fu ll-en erg y  
peak area fo r  the 2.23-MeV capture gammas, and the  carbon data were
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based upon the peak area a t  4.43 MeV. Counting times ro u tin e ly  were 
fo r  4 live -tim e  minutes, but some data were based upon l ive -tim e  
counts of 3 hours or more to  achieve good counting s t a t i s t i c s .
General Conclusions
Based on the r e s u l t s  of th i s  study, the following conclusions 
can be drawn:
1. The geometrical arrangement of d e te c to r ,  specimen, source, 
and sh ield ing  is  one o f  the most important fac to rs  in the  de tec tion  
o f prompt gamma ra d ia t io n  derived from neutron in te ra c t io n s .  I t  was 
found th a t  with a 9 - inch wood-to-detector d is tan c e ,  the hydrogen capture- 
gamma rad ia tio n  could be measured s a t i s f a c to r i l y  with a 3 x 3-inch Nal 
(Tl) de tec to r .  The d e te c to r  should be shielded with lead bricks 
completely except where i t  faces the sample. A 3 /8 - inch wide by 4 - inch 
th ick  shadow sh ie ld  should be placed between the Californium-252 source 
and de tec to r  to  reduce the gamma rad ia tio n  emitted from the source.
2. The in te n s i ty  o f  hydrogen capture-gamma ra d ia t io n  measured fo r  
a period of 4 minutes with the 2.8-microgram source gave f a i r l y  good 
counting s t a t i s t i c s  (b e t te r  than 2% r e l a t i v e  standard deviation) 
except a t  very low wood m oisture content and very small wood volumes. 
Increasing the source s treng th  could cut the counting tim e, but the 
rad ia tion  hazard would be increased and a la rg e r  sh ie ld  would be required.
3. The hydrogen capture-gamma rad ia tio n  y ie ld  was found not to
be a simple l in e a r  function  o f  changes in wood moisture con ten t, volume, 
and density . The predominate reason fo r  th is  behavior was a t t r ib u te d  to  
the e ffe c ts  of these  parameters on thermal neutron flux  d is t r ib u t io n
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w ithin  the i r ra d ia te d  specimen. The influence  of changes in the moisture 
content on the shape o f the thermal neutron f lux  is  s t a t i s t i c a l l y  
la rg e r  than the influence o f  wood volume. The in fluence o f  wood density  
on the changes of thermal neutron f lux  d is t r ib u t io n  was e s s e n t ia l ly  the 
same as the  e f f e c t  o f  wood moisture con ten t. These e f f e c t s  can be 
generalized  to the influence o f  hydrogen density  on therm aliza tion  
e f f ic ie n c y .  As the moisture content o r th e  density  o f wood increased , 
the  thermal neutron flux  d i s t r ib u t io n  tended to  peak c lo s e r  and c lo se r  
to  the source.
4. The 4.95-MeV carbon capture-gamma rad ia tio n  could not be
measured e f f e c t iv e ly  with a 3 x 3-inch Nal(Tl) d e te c to r ;  even a 4 x 4-
inch d e te c to r  did not show any s ig n i f ic a n t  improvement. The low counting
y ie ld  can be a t t r ib u te d  to  a combination o f the small cross section
1 2  13(0.003 barn) fo r  the C(n,y ) C re a c t io n ,  and to  the low in t r i n s i c  
e ff ic ie n cy  fo r  Nal(Tl) c ry s ta ls  a t  th i s  high energy.
5. The observed 4.43-MeV gamma rad ia t io n  was predominately the
12 12
r e s u l t  o f  f a s t  neutron C(n,n‘ ) C* rea c t io n .  The measured in te n s i ty  
o f 4.43-MeV i n e l a s t i c - s c a t t e r  gamma ra d ia t io n  with a counting time of 4 
minutes was not r e l i a b le  because the  peak could not be defined c le a r ly  
from the  underlying background spectrum. This d i f f i c u l t y  can be 
accounted fo r  by a combination o f low i n t r i n s i c  d e tec t io n  e ff ic ie n cy  fo r  
the gamma rad ia tio n  and the small f r a c t io n  o f the neutrons with energies 
g re a te r  than the threshold  fo r  the ^ C ( n ,n ' ) ^ C *  rea c t io n .
6. The carbon in e l a s t i c - s c a t t e r  gamma ra d ia t io n  y ie ld  was found 
to  increase  with increasing wood volume a t  constan t moisture con ten t,
*
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but to  decrease with increasing wood moisture content a t  constan t volume. 
This decrease in  the in te n s i ty  o f the carbon gamma ra d ia t io n  may be 
re la te d  to  the  sharp drop of the ava ilab le  f a s t  neutron f lux  when the 
moisture content o f  the wood is  increased because o f the increased 
therm aliza tion  e ff ic ie n c y .  The functional dependence o f  the carbon 
gamma in te n s i ty  with respec t to  the change o f wood volume and moisture 
content was again non-linear .
7. The r a t io s  o f hydrogen capture-gamma ra d ia t io n  to  carbon in ­
e l a s t i c - s c a t t e r  gamma rad ia tio n  in te n s i ty  ( I )  a t  the  oven-dry condition 
were found to  increase  with increasing wood volume. These r e s u l t s  can 
be r a t io n a l iz e d  on the  basis  of the changes of both thermal - and f a s t -  
neutron fluxes with changes of wood volume. As wood volume increased , 
the thermal neutron f lu x  increased while f a s t  neutron f lux  decreased, 
thus re su l te d  in the increase  of I .
The I a lso  changed with species fo r  measurements made a t  id en tica l  
cond itions , even though the basic  elemental hydrogen-to-carbon r a t io  
was found to  be e s s e n t ia l ly  independent o f  spec ie s .  This again may be 
re la te d  to  the  density  changes, which a f f e c t  the  r a t i o  of thermal neutron 
f lux  to  f a s t  neutron f lux . All the I values were found to  have complex 
functional dependence with respec t to  changes in  wood volume and den s ity ,  
nor did the I values increase  l in e a r ly  with increas ing  wood moisture 
content a t  constan t wood volume fo r  each spec ie s .
8. The condition required by the o r ig in a l  hypothesis ( i . e . ,  an
*
exclusively  thermal-neutron f lux) are not met by using an in te rn a l  
fas t-n eu tro n  source. Hence, a simple l in e a r  r e la t io n sh ip  between I and
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m oisture con ten t,  which is  independent o f  both species (oven-dry 
dens ity )  and sample volume, was not observed. The general fea tu res  of the 
n o n - l in ea r  functional dependence o f  I on volume, den s ity ,  and moisture 
content can be derived from a s im p lif ied  imbedded point-source model, 
but an e la b o ra te  computer-based model would be required fo r  d e ta i l  pre­
d ic t io n  o f  the  combined parameter e f f e c t s .
Recommendation fo r  Further Study
The experimental data accumulated fo r  the  source a t  the cen ter o f  
a wood volume suggests th a t  m oisture-content determination based upon 
the  o r ig in a l  hypothesis ( i . e . ,  an ex ternal thermal-neutron source) 
may be p o ss ib le ,  but a long counting time would be necessary fo r  r e l ia b le  
d e te c t io n  o f  the  carbon capture-gamma ra d ia t io n .  However, the th eo re tica l  
ba s is  f o r  the  o r ig in a l  hypothesis appears reasonable, and should be 
in v es tig a te d  experimentally when a proper neutron source i s  ava ilab le .
I f  a la rg e  neutron f lux  a t  energ ies g re a te r  than the  threshold fo r  
12 12the  C (n ,n ')  C* were a v a i la b le ,  the  carbon-gamma in te n s i ty  would be 
la rg e  enough fo r  easy d e te c t io n ,  and the  I value could be determined 
r e l i a b ly .  I t  i s  possib le  to  ob ta in  in tense  high-energy neutron rad ia tion
q A
from r e l a t i v e ly  small a c c e le ra to r s ,  through th e  ^ ( d . n )  He fusion re a c t io n ,  
which y ie ld s  14.3-MeV neutrons. I f  a d i r e c t  beam of these  neutrons 
were allowed to  bombard a wood specimen, and o ther  t a rg e t  neutrons were 
thermalIzed and then allowed to  bombard the wood simultaneously, i t  
might be poss ib le  to obtain  good gamma y ie ld s  from both carbon and 
hydrogen re a c t io n s ,  and th e re fo re  r e l i a b le  I Qand I values. This 
e s s e n t ia l ly  means replacing an in te rn a l  Californium-252 source with an
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external a cce le ra to r  source. Because o f  the  a l te re d  source-speclmen 
geometry, flux  d is t r ib u t io n s  could be expected to  be somewhat d i f f e r e n t  
than encountered fo r  th i s  s tudy , and le s s  complicated Iw and I 0 dependence 
upon specimen volume, wood sp e c ie s ,  and moisture content might be ob­
served. This p o s s ib i l i ty  i s  s u f f i c i e n t  to  warrant a separa te  experimental 
in ves tiga tio n  with a small a c c e le ra to r  su b s t i tu te d  fo r  the  Californium- 
252 source.
Another useful research  approach would be to  develop a d e ta i le d  
mathematical model based upon e x is t in g  neu tron-sh ie ld ing  computer codes 
to  e s ta b l is h  the exact volume d i s t r ib u t io n  fo r  hydrogen and carbon gamma 
emission p ro b a b i l i t i e s .  With such a model a v a i la b le ,  various source, 
specimen, and detector-geometry parameters could be examined to  pre­
s e le c t  b es t  conditions fo r  experimental in v es tig a t io n .
The study undertaken fo r  t h i s  research may have im plica tions 
beyond those fo r  the wood in d u s try . The s im p lif ied  model developed is  
based only upon hydrogen and carbon, which occur in many molecular 
combinations, and should th e re fo re  be app licab le  in any s i tu a t io n  where 
carbon-hydrogen ra t io s  may provide process-contro l information.
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Symbol D efin ition
A Avogadro's number.
a Empirical o r  derived constan t; individual constants id en t i f ie d
by su b sc r ip ts .
B Background count.
b Empirical o r  derived constan t; individual constants id en tif ie d
by su b s c r ip ts .
C Count r a t e ;  individual count ra te s  id e n t i f ie d  by su b s r ip ts .
D Number o f  channels to  include a peak in a gamma spectrum.
E Energy.
IT Everage energy.
e Base o f  na tu ra l  logarithms.
F Formula f r a c t io n  o f an element in a compound; individual
elements and compounds id e n t i f ie d  by su b sc r ip ts .
f f  Fraction  o f  f a s t  neutrons (E>4.43 MeV) in a neutron spectrum.
6 Geometry f a c to r  fo r  counting a p a r t i c u la r  r a d ia t io n ;  ind iv id ­
ual geometry fa c to rs  id e n t i f ie d  by su b sc r ip ts .
I R ela tive  n e t  count ra te s  fo r  hydrogen and carbon gamma
r a d ia t io n s ;  su b sc r ip t  o denotes oven-dry cond it io n , and 
su b sc r ip t  w denotes wet condition .
K Derived constan t.
k Derived constan t.
L Maximum dimension o f a specimen.
U Average d is tan ce  to  completely therm alize a neutron.
1 Distance from a source pos it ion  to  a measuring position
within  a specimen.
M Molecular weight of a compound; individual compounds id en t i f ie d
by su b s c r ip ts .
D efin ition
Number o f  atoms o f an iso tope  in a specimen volume; individual 
isotopes id e n t i f i e d  by su b sc r ip ts .
Number o f  neutrons with energy E.
Number o f  neutrons per u n i t  volume; su b sc r ip t  f  denotes f a s t  
neutrons, and su b s c r ip t  th  denotes thermal neutrons.
Average number o f  c o l l i s io n s  required to  therm alize a f a s t  
neutron.
P robab ili ty  t h a t  a neutron w ill  be in a p a r t i c u la r  energy 
group a t  d is tance  1 from a source; su bscr ip t  f  denotes f a s t  
neutrons, su b sc r ip t  th  denotes thermal neutrons.
Fractional abundance o f  *H in elemental hydrogen.
Fractional abundance o f  in elemental carbon.
6
Percent of m oisture con ten t of wood.
Fractional moisture con ten t o f wood; q = Q/100.
C oeffic ien t o f  determ ination .
Gross sample count.
Fast neutron source s t re n g th .
Average vo lum e-d istribu ted  thermal-neutron source s tren g th .  
Specimen volume.
Weight of a p a r t i c u l a r  compound in a specimen volume; in d i ­
vidual compounds are  id e n t i f i e d  by su b sc r ip ts .
Net number of counts in a gamma-spectrum peak.
Boundary channel fo r  e s ta b l ish in g  peak a rea ;  indiv idual bound­
ary channels a re  id e n t i f i e d  by su b sc r ip ts .
Total production r a te  in a specimen fo r  a p a r t i c u la r  gamma 
rad ia tio n ;  ind iv idual production ra te s  id e n t i f ie d  by sub­
s c r ip ts .
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Symbol D efin ition
y Gamma production r a te  per u n i t  volume in a specimen; in d iv id ­
ual gamma production ra te s  id e n t i f ie d  by su b sc r ip ts .
6 Standard dev ia tion .
6rfi  ̂ Relative standard d ev it io n .
6(X) Best estim ato r  o f t r u e  counting ra te .
e Detector e f f ic ie n cy ;  ind iv idual gamma de tection  e f f ic ie n c ie s
id e n t i f ie d  by su b sc r ip ts .
$ Neutron f lu x ;  su b sc r ip t  f  denotes f a s t  neutrons, and su b scr ip t
th  denotes thermal neutrons.
4>(1) Neutron flux a t  a d is tan ce  1 from a reference p o in t;  su b sc r ip t
f  denotes f a s t  neutrons and su b sc r ip t  th  denotes thermal 
neutrons.
pq Wood dens ity ;  su b sc r ip t  o denotes oven-dry density .
E. Macroscopic i n e l a s t i c - s c a t t e r  cross s e c t io n ;  indiv idual e le ­
ments id e n t i f ie d  by su bscrip ted  chemical symbol.
E Macroscopic e l a s t i c - s c a t t e r  cross se c t io n ;  indiv idual elements
id e n t i f ie d  by subscrip ted  chemical symbol.
e ' Macroscopic therm al-neutron absorption cross se c t io n ;  individual
elements id e n t i f ie d  by subscrip ted  chemical symbol.
e ' Macroscopic therm al-neutron s c a t te r in g  cross se c t io n ;  in d iv id -
elements id e n t i f ie d  by subscrip ted  chemical symbol.
a Microscopic f a s t  neutron cross se c t io n ;  subscrip ted  i denotes
in e l a s t i c  s c a t t e r in g ,  su bscrip ted  s denotes e l a s t i c  s c a t t e r in g ,  
and subscrip ted  chemical symbols id e n t i fy  individual elements.
o ’ Microscopic thermal neutron cross se c t io n ;  Subscripted a de­
notes absorp tion , subscr ip ted  s denotes s c a t te r in g ,  and sub­
sc r ip te d  chemical symbols id e n t i fy  individual elements.
APPENDIX II  
PROPERTIES OF CALIFORNIUM-252
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Californium-252 decays by both alpha emission and spontaneous
f i s s io n .  The alpha-decay h a lf  l i f e  i s  2.73 y e a rs ,  and the  f i s s io n
h a lf  l i f e  i s  85.5 y e a rs ;  hence, by appropria te  combination, the
e f fe c t iv e  h a lf  l i f e  is  2.65 years . There is  one f i s s io n  fo r  each
31.3 alpha decays, with each f is s io n  y ie ld ing  an average o f  3.76
neutrons. The average alpha energy is  6.12 MeV, and the  average
neutron energy is  2.35 MeV.
Because of the mixed decay modes, emission ra te s  are  sp ec if ied
on a weight basis r a th e r  than curie  basis ( ^ C f  n-s so id  on a weight
12basis  a ls o ) .  The sp e c i f ic  emission ra te s  are 2.34 x 10 neutrons
13per second per gram, and 7.32 x 10 alpha per second per gram; in
13ad d it io n ,  there  i s  an accompanying gamma emission o f 1 .3  x 10 photons 
per second per gram. The decay heat is  38.5 w atts  per gram (51.1% 
from f i s s io n ,  and 48.9% from alpha emission).
As would be expected from a f is s io n  source, the neutron energies 
range from a f ra c t io n  o f  an MeV up to  nearly  14 MeV, with the maximum 
in te n s i ty  occurring a t  approximately 1 MeV. The accompanying gamma 
spectrum is  a lso  ty p ic a l ly  f i s s io n ,  being e s s e n t ia l ly  a continuum 
with an e-2nE shape ranging from roughly 0.05 to  g re a te r  than 2 MeV.
At the low-energy end o f  the gamma spectrum th e re  is  a lso  a con tr ibu tion  
from in te rnal-conversion  X rays following alpha decay. The spec tra  are  










252Figure 28. Neutron spectrum o f  bare Cf source 
(Jones and Auxier, 1971).
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Figure 29. Gamma spectrum o f  Platinum-Iridium
encapsulated Californium-252(Boulogne 
and Evans, 1969).
APPENDIX I I I
DETAILED STACKING METHODS AND EXTERNAL DIMENSIONS OF WOOD VOLUMES
127
Since the s tack ing  methods to  achieve the various wood volumes 
employed by th is  study were e s s e n t ia l ly  the same, the procedure fo r  
only one species w ill  be d iscussed . White oak is  given as an example 
to show the stacking methods in d e ta i l .
As i l l u s t r a t e d  in the follow ing four see-through drawings, the 
maximum wood volume f o r  the w hite  oak consisted  of an innermost core 
covered by three successive lay e rs  of stacked specimen blocks.
The volume was reduced by removing p a r t  o r  a l l  o f  a given outer 
lay e r  o f blocks as i l l u s t r a t e d  in the drawings in Appendix I I I  A. The 
actual volume is  given in cubic inches beside each drawing, as are the 
ex ternal dimensions in inches f o r  each arrangement.
The de tec to r  was always placed 9 inches away from the wood specimens 
while they were a t  maximum ex te rna l  dimensions. The r e l a t iv e  position  
o f the lead sheet shadow sh ie ld  within each o f  the wood volumes measured
is  a lso  given in the drawings.
252The Cf sou rce , shown as the black mark in the drawings, was 
always placed immediately behind the lead sheet sh ie ld .  The black mark 
i l l u s t r a t e s  source p o s i t io n  on ly , and does not rep resen t the actual 
source dimensions.
The sequences of removing wood specimen blocks from the  assembled 
wood p i le  a t  maximum volume f o r  each species i s  described ind iv id ua lly  
in each o f  Appendices I I I  A (white oak), I I I  B (black w illow ), I I I  C 
( i n i t i a l  sweetgum experim ents) , and I I I  D ( f in a l  sweetgum experiments) 
p r io r  to  the i l l u s t r a t i v e  drawings fo r  each arrangement.
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1  Method o f  re g u la tio n  o f  volume
Using a l l  the 17 pieces o f  wood specimens to form 
a p i le .
Removing the piece o f specimen from the p i le  a t  
the f a r  side  of the  d e tec to r .
Placing back the piece removed a t  volume of 
1314 b to i t s  o r ig in a l  position  and removing 
the piece of specimen from the  p i le  a t  the  near 
s ide  of the d e te c to r .
Removing the piece of specimen which was placed 
back a t  volume o f  1314 a.
Removing the top p iece , l e f t  s ide  p iece ,  and 
r ig h t  side  piece of the specimens from the  p i le .
Removing the bottom p iece ,  l e f t  side  p iece , and 
r ig h t  side piece o f the  specimens from the p i le .
Removing the top piece and the piece a t  the near 
s id e  of the d e tec to r  from the p i le .
Placing back the piece of specimen which was a t  
near side  of the d e te c to r  and was removed a t  
volume 238 a to i t s  o r ig in a l  po sition  and remov­
ing the piece of specimen a t  the  f a r  s ide  of the 
d e tec to r .
Removimg the top p iece , the bottom p iece ,  and 
the  piece a t  the near s ide  of the d e te c to r  from 
the p i le .  A piece of lead brick  was placed as 
the base a t  th is  wood volume measurement in 
order to maintain the he igh t of the source with 
respec t to  the d e te c to r .
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1  Method o f re g u la tio n  o f  volume
Using a l l  the 19 pieces o f wood apecimens to  
form a p i le .
Removing the  top two p ieces of specimens from 
the p i le .
Removing the piece from the l e f t  s id e ,  the 
piece a t  the r ig h t  side , and the piece a t  the 
near side  o f the d e te c to r  from the p i le .
Placing back the piece which was a t  the near 
s id e  o f the d e tec to r  and was removed a t  volume 
808 a to i t s  o r ig ina l  position  and removing 
the piece a t  the f a r  s id e  of the d e tec to r .
Removing the  piece a t  the  l e f t  s id e ,  the  piece 
a t  the r ig h t  s id e ,  and the piece a t  the near 
s ide  o f the d e tec to r  from the p i le .
Removing the top p iece , bottom piece, and the 
p iece a t  the near s ide  o f  the de tec to r  from 
the p i le .
Placing back the  piece o f  specimen which was 
a t  the  near s ide  of the de tec to r  and was 
removed a t  volume 348 b to  i t s  o rig ina l pos it ion  
and removing the piece o f  the specimen a t  the 
f a r  s ide  of the  d e te c to r  from the p i le .
Removing the piece a t  the  l e f t  s id e ,  the piece 
a t  the r ig h t  s id e ,  and the  piece a t  the  near 
s ide  of the d e tec to r  from the p i le .  A piece of 
lead b rick  was placed as the base fo r  th i s  wood 
volume measurement in o rder  to maintain the 
heigh t of the source with respect to the d e te c to r .
Removing the to p , bottom, l e f t  s id e , and r ig h t  
s ide  o f pieces of specimens from the p i le .  Again, 
the lead brick served as the base.
h 13-J-
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C. Sweetgum ( i n i t i a l  experiments)
) Method o f regu la tion  of volume
Using a l l  the 9 pieces o f wood specimens to  
form a p i le .
Removing the top piece and the piece a t  the 
near s ide  of the d e tec to r  from the  p i le .
Removing the bottom piece and the  piece a t  the 
near side  o f the  d e tec to r  from th e  p i l e .
Removing the l e f t  s id e  and r ig h t  s ide  pieces 
of specimens from the p i l e ,  and rearranging .
Removing the piece from the top o f  the p i le .
A piece o f lead brick  was served as the base 
a t  th i s  volume o f measurement in  o rder to 
maintain the height o f  the source with respec t  
to  the d e te c to r .
Removing the top piece of the specimen from the 
p i le .  Lead brick served as the base as before.
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D. Sweetgum (f in a l  experiments)
o
Volume of wood (in  ) Method of reg u la tio n  o f volume
1057 Using a l l  the 8 p ieces o f  wood specimen to 
form a p i le .
830 Removing one piece of specimen from each l e f t  
and r ig h t  side o f the  p i le .
565 Removing another piece of specimen each from the 
l e f t  and r ig h t  s ide  of the  p i l e .
280 Further removing one piece of specimen from each 
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Figure 30. Hydrogen capture-gamma in te n s i ty  y^. moisture content 
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Figure 31. Hydrogen capture-gamma in te n s i ty  vs_. volume of wood of 
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Figure 32. Hydrogen capture-gamma in te n s i ty  vs. moisture content o f wood of block willow 
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Figure 33. Hydrogen capture-gamma in te n s i ty  vs. volume o f wood 
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Figure 34. Hydrogen capture-gamma in te n s i ty  (4 x 4-inch d e tec to r)  vs .̂ moisture content of 

























0 81 207 348 610 808 1059 1283
Volume of Wood (in^)
Figure 35. Hydrogen capture-gamna in te n s i ty  (4 x 4-inch de tec to r)  
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Figure 36. Hydrogen capture-gamma in te n s i ty  vs_. m oisture content 
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Figure 37. Hydrogen capture-gamma in te n s i ty  vs_. volume of wood 













Figure 38. Carbon i n e l a s t i c - s c a t t e r  gamma in te n s i ty  vs_. moisture 
content o f wood o f  sweetgum a t  each cubic volume 
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Figure 39. Carbon in e l a s t i c  scatter-gamma in te n s i ty  vs^ volume 
of wood of sweetgum a t  a l l  level of moisture content.
APPENDIX V
MATHEMATICAL DERIVATIONS OF THE SIMPLIFIED MODEL
156
Assuming a spherica l volume of wood with a f a s t  neutron source 
placed a t  the c e n te r ,  the p ro b ab il i ty  th a t  f a s t  neutrons will be 
thermalized a t  a d is tance  1 from the cen ter  w ill be
pth = -f • w-u .
where U i s  the average d is tance  neutrons w ill  trave l to  complete 
therm aliza tion , and the p ro b ab i l i ty  o f neutrons remaining f a s t  a t  
d istance 1 w ill  be
P fO ) = 1 -  Pt h ( i )
= 1 - - 1 -  . (V-2)
L
The f a s t  neutron flux  <j>̂ a t  d is tance  1 will be 
,
T 4trl
where s^ is  f a s t  neutron source s tren g th . I f  a l l  the carbon gamma 
rad ia tion  comes exc lusive ly  from f a s t  neutrons (E>4.43 MeV), the ra te  
of carbon gamma production y ^ is
yYC = *fs 1Cf f  * ^V"4^
where s . r  i s  the macroscopic in e l a s t i c  cross sec tion  of carbon ( i . e . ,I u
p ro b ab il i ty  of i n e l a s t i c  s c a t t e r )  and f^  i s  the f r e c t i  on of f a s t  
neutrons with energy g re a te r  than 4.43 MeV. Thus the to ta l  carbon 
gamma y ie ld  within the spherica l volume V w ill  be
A
Y
yC • ( v - 5 )
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where dV. = 4t t 1 d l ;  th e re fo re ,  i f  L is  the maximum rad ius ,
A  
( i -
LYyC = s f f f EiC>0
= s f f f E1cL[l - ^ i .  )J .
But from a consideration of macroscopic cross se c t io n s ,
E1C * a5po ,
(V-6)
(V-7)
and L is  function of moisture content and density  of wood in which
L = p„(aq + b) , (V-8)
where "n is  equals to the number o f c o l l i s i o  s to  thermalize a f a s t  
neutron which is  p ra c t ic a l ly  contan t fo r  mono-energetic neu trons , pq 
i s  the oven-dry density  o f wood, and q i s  the f rac t io n a l  moisture 
content. Therefore, by su b s t i tu t io n
YyC " s f f f a5poL 1 -
Lpo (a1q + b j) '
2n
(V-9)
The thermal neutrons w ill  be produced throughout the whole 
volume, with the to ta l  number given by
nth = sfpth
-  m 4 - )
T L »
(V-10)
and the average volum e-distributed  thermal neutron source term fo r  
maximum radius L is
Sw = "th3 ,3 2prL
(V -ll)
An a rb i t r a ry  cen tra l flux can be defined as
s v(l  -  e"Es i L)
*th<°> ■ T T   <v- 12>
iii which is  the thermal-neutron macroscopic s c a t te r in g  cross 
sec tio n . Then, assuming th a t  the outward-moving flux w ill be a t te n u a t­
ed by capture only , thus
f t h O )  -  ^ ( O J e ' ^ H 1 (V-13)
where r 'u  1s the  macroscopic absorption cross sec tion  f o r  the H(n ,
p
y) H reac tio n . The hydrogen capture-gamma production ra te  i s ,  
th e re fo re ,
VyH ■ ^ H + t h ' 1 ’ - <V- 1 4 >




- 3sf ( ^ ) ( l  -  e - !:s1L) ( I ) L ^ - ^ . )
s i  L *
’  r (I J T )(1 '  e‘ r s i L)( i )L (4  -  3e^hL) (V-16)
Since E '„ s ' . > and L are function of m oisture content and density  of
On 9 SI
wood. With £ '•  > s 'n  and si aH
EaH = + b2> ,
s si = + b3> .
n
pota l q + M  *
L = n
T herefore,
sf  a2q + b ,  ,  ( + b )L- |«  (ajq  + b1)L'|
° 3 3 Jl--------=------- J
x (4 - 3po(a2q + b2)L] . (V-17)
Let G. = geometry f a c to r  fo r  d e tec tion
constant fo r  la rg e r  volume-detector d is tan ces ,  
e . = gamma de tec tion  e f f ic ie n c y  fo r  indiv idual isotope i .
Then the detected in te n s i ty  in counts per u n i t  time i s ,  fo r  hydrogen- 
capture gamma ra d ia t io n ,
CyH = eHGHYyH , (V-18)
and, fo r  carbon i n e l a s t i c - s c a t t e r  gamma rad ia t io n
CyC = eCGCYyH . *V~19^
Thus, by s u b s t i tu t io n ,
x ( 4 3o0 (a2q + b2^L] ’ (V-20)
CYC " eCeC<s f f f><a5po>L(1 - (' ^ ' )po(a l q + bl )Lj  , (V- 21)
from which the hydrogen-gamma to  carbon gamma r a t io  is
i . J a
yC k ( a i q * bi>'
.  fH 1 fa2q * b2\ fl -  e~po^a3q * b3^L)  ̂ n 
EC a3q + b3 (l -  ^ZP0(a1ct + bj)L J
„ (4 -  3p0(a2q + b2 )L]
acp .  • (V-22)
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